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Abstract 
The field relationships, primary and secondary petrography 
and chemical composition of granitic rocks (plagiogranites) 
and associated formations in five ophiolites are described. 
In addition, the occurrence of similar rocks in other 
ophiolites, some island arcs and in the ocean crust is reviewed. 
Plagiogranites in ophiolites can be distinguished from all 
other granitic rocks by their almost complete lack of potassium 
feldspar, low alumina content, high K/Rb ratio and their LRE-
depleted, flat or "dished" rare earth profiles and negative 
europium anomalies. The hypothesis that ophiolites represent 
oceanic lithosphere fragments is supported by the strong 
resemblance of some granitic rocks d~edged from the seafloor 
to those in ophiolites. 
Granitic rocks in ophiolites differentiate from subalkaline 
tholeiitic magmas at spreading axes in mid-ocean and in 
marginal ocean basins. These magmas evolved on a trend of iron-
enrichment unless FeTioxides appeared as fractionating phases, 
which seems to have followed saturation of the magma by 
seawater. The magma then became progressively enriched in 
silica and sodium, evolving by the removal of plagioclase, 
FeTioxides, apatite and zircon. However, potassium was 
partitioned into the magmatic volatile phase and so entered 
the open hydrothermal system at the spreading axis and was 
thereby not enriched in the plagiogranites. 
Plagiogranites in ophiolites are all deuterically altered 
to assemblages typical or upper greenschist or lower 
amphibolite racies metamorphism. Hydrothermal activity 
in the vicinity or each magma cell beneath t~e spreading 
axis ceased soon after the last of the silicate liquid 
froze and there was little repenetration of the ophiolite 
plutonic complex by hydrothermal fluids. 
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Chapter 1 Introduction 
1.1 Ophiolites and plagiogranites 
"Ophiolite" has suffered for want of definition since its 
introduction as a synonym of serpentinite in the early 19th 
century (Brongniart 1827). It has been used, with several 
other terms (roches vertes, verd antique, greenstone) to 
describe a variety of ultrabasic and basic rock types and 
associations (Green 1971, Coleman 1977 p.l). The most notable 
precedent was set by Steinmann (1906, 1927) who employed 
"ophiolite" to name the common association of serpentinite, 
pillow lava and radiolarite in orogenic belts (The Steinmann 
Trinity) and thus initiated systematic research on this suite 
of rocks. The currently accepted redefinition of "ophiolite", 
which is adopted in this work, was proposed by the participants 
of the 1972 GSA Penrose Conference (Geotimes, 1972). 
"Ophiolite refers to a distinctive assemblage of mafic to 
ultramafic rocks. It should not be used as a rock name or as 
a lithologic unit in mapping. In a completely developed 
ophiolite the rock types occur in the following sequence 
starting from the bottom; 
(1) Ultramafic complex, consisting of variable proportions of 
harzburgite, lherzolite and dunite, usually with a metamorphic 
tectonic fabric and more or less serpentinized. 
(2) Gabbroic complex, ordinarily with cumulus textures commonly 
containing cumulus peridotites and pyroxenites and usually 
less deformed than the ultramafic complex. 
(3) Mafic sheeted dyke complex. 
(4) Mafic volcanic complex, usually pillowed. 
Associated rock types include (1) an overlying sedimentary 
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section typically including ribbon cherts, thin shale inter-
beds and minor limestones. (2) Podiform bodies of chromite, 
generally associated with dunite (3) Sodic felsic intrusive 
and extrusive rocks. Faulted contacts between mappable units 
are common,whole sections may be missing. An ophiolite may be 
incomplete, dismembered or metamorphosed, in which case it 
should be called a partial, dismembered or metamorphosed 
ophiolite. Although ophiolite generally is interpreted to be 
oceanic crust and upper mantle the use of the term should be 
independen t c£ its supposed or igin" • 
This work is concerned with the origin of the small volumes of 
"sodic, felsic" rocks in five ophiolites; the Troodos Massif, 
Cyprus, the Semail Nappe, Oman, The Smartville Block and the 
Point Sal ophiolite, California, and the Ballantrae Complex, 
Ayrshire, Scotland. Such rock types occur in many other 
ophiolites (Section 2.6) but appear to be absent in some cases. 
A great variety of "sodic,fe1sic" rock types occur; diorite, 
quar~z diorite,tonalite, trondhjemite, albite granite, albitite, 
keratophyre, granophyre, porphyry and rhyolite, all are 
characterised by the virtual absence of a potassium-rich 
feldspar. Coleman and Peterman (1975) proposed "oceanic 
plagiogranite" as a "general descriptive and collective term" 
to include all granitic rocks in ophiolites and this term is 
used hereafter hut abbreviated to "plagiogranite". (Section 1.3). 
Although the definition offered by the 1972 Penrose Conference 
specifically excludes any genetic implication, ophiolites are 
now gen~ra1ly accepted as fragments of oceanic crust emplaced 
on continental margins (Dewey and Bird, 1970, 1971, Moores 
and Vine 1971, Coleman 1971). Dietz (1963) suggested the 
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general equivalence of Alpine-type peridotites and the 
oceanic crust. The hypothesis that a complete ophiolite, 
The Troodos Massif, is a segment of oceanic lithosphere was 
first proposed by Gass and Masson-Smith (1963) and expanded 
hy Gass(1968) and Moores and Vine (2.2' .,£it.). Subsequent 
multi-disciplinary studies on Troodos (Section 1.2) and other 
ophiolites have provided strong support for the oceanic 
lithosphere model although there is some conflict in this 
matter. (e.g. Miyashiro 1973, 1975; see also Gass et ~., 
1975 for discussion). The structure of the Massif bears 
a good resemblance to that proposed for oceanic crust or. 
theoret.i.cal (O:Hhurgh and Turcotte, 1968, Cann 1970a, 1974) 
and geophysical grounds (Christensen, 1970 ~~an ~ ~., 1972, 
Moores and Jackson 1974). Lithologies found in ophiolites 
are common in material dredged from the ocean bottom (e.g. 
Aumento 1971, cann 1971, Thompson 1973) although relatively 
few plagiogranites have been recovered (Section 2.7). The 
structure and lithology of Macquarie Island, an uplifte~ 
section of the floor of the Tasman Sea, are similar to 
parts of ophiolites (varne et ~., 1969, Griffiths and Varne, 
1972) and its strontium isotope geochemistry resembles that 
of mid-ocean ridge basalt. (Williams 1977). 
-4-
1.2 History of research in ophiolites 
Although the general features of many ophiolites have been 
published and several areas have been studied m great 
detail the Troodos Massif remains the best known complete 
ophiolite. Many concepts have developed through research 
on the Massif which are applicable to the genesis of all 
ophiolites. Therefore, the following outline of the history 
of rese~rch in an ophiolite was taken largely from the 
literature about Troodos. In detail, the Massif has important 
differences from other ophiolites but they are mentioned 
where they become relevant. The geological setting of the 
Troodos Massif, which is, of course, peculiar to that 
ophiolite, is described in Section 2.1.1 and the relatively 
sparse published research on the other study areas is 
summarised in the separate parts of Chapter 2. 
The memoirs and maps published by the Cyprus Geological Survey 
(e.g. Wilson 1959) form the basis of most research on the 
Massif ~d much of this work was summarised by Gass and 
Masson-Smith (1963) and Moores and Vine (1971). These authors 
described the Massif ~ "a pseudostratiform mass of harzburgite, 
dunite, pyroxenite, gabbro, quartz diorite, diabase and pillow 
lava arranged in a dome-like manner". Gass and Masson-Smith, 
who slightly modified the Survey nomenclature, divided the 
sequence into the Plutonic Complex, the Sheeted Intrusive 
Complex (SIC) and Lower and Upper Pillow Lavas (LPL and UPL) 
(Table 1.1). Moores and Vine (£P. E!!.) suggested that the 
Troodos parental magmas were derived by partial melting of 
the lnantle during its upward flow beneath a mid-ocean ridge 
Table 1.1 Stratigraphic Nomenclature of the Troodos Massif 
Formation Boundary 
Lefkara Group 2 - Maestrichtian to lower Miocene Unconformity 
Perapedhi Formationl - Campanian 
Upper Pillow Lavas l 
Conformity 
Unconformity varying lat rally 
Lower Pillow Lavas l ) to conformity 
3 ) Axis 
Basal Group 1) Gradational Sheeted ) 
) Intrusive~ Diabase1 Gradational overall, ) 4 Complex ) Sequence intrusive in detail 
\ ~ Upper Plutoni~6 
I Complex Gradational or intrusive 
r 
Complex ( Sequence ( Layered Sequence I Abrupt stratigraphic contact 
1. 
4. 
~ Mantle sequenceS No base observed 
Wilson, 1959, 2. Pantazis, 1967, 3. Gass and Masson-Smith, 1963, 
Gass and Smewing, 1973, 5. Allen, 1975, 6. Present work. 
Table 1. 2 Lithologies of the Troodos Massif 
Lefkara Group: 
Upper Cretaceous to Miocene chalks and marls. 
Perapedhi Formation: 
M'anganiferous shales (umbers), radiolarites. Interbedded 
with or overlying UPL. 
UPL: 
Generally undersaturated olivine phyric metabasalts 
with limburgites and pi.crites. Some extrusive breccia 
but few dykes. 
LPL: 
Mainly oversaturated pyroxene and/or plagioclase phyric 
metabasalts and basaltic andesites. Mostly pillowed 
but with up to 60% massive flows, sills or dykes. Local 
massive sulphide mineralization. 
SIC: 
Subparallel dyked metabasalts. Towards the top with 
pillow lavas between and screens of plutonic rock towards 
base but without intervening host material for the main 
part. 
Upper Plutonic Complex: 
Plagiogranite, pyroxene gabbro, frequently uralitized and 
sometimes magnetite-rich. 
pegmatite gabbro common. 
Layered Sequence: 
Cumulate layering absent, 
Cumulate gabbros, olivine gabbro,anorthosite, wehrlite, 
pyroxenite, lherzolite, dunite with chromitite. Mineral 
phases appearing as intercumulus, then cumUlus, usually 
in this order; Chromite, olivine, clinopyroxene, 
Table 1. 2 Lithologies of the Troodos Massif (continued) 
Layered Sequence (continued) 
Orthopyroxene, plagioclase, Cyclic, cryptic and rhythmic 
layering common 
Mantle Sequence: 
Tectonized harzburgite with gabbro dykes, minor 
plagioclase lherzolite, dunite pods and orthopyroxenite 
veins. 
Sources: 
1. Wilson 1959 
2. Pantazis 1967 
3. Gass and Masson-Smith 1963 
4. Gass and Smewing 1973 
5. Allen 1975 
6. Present work 
-s-
and that the harzburgite and dunite represent the residual 
mantle which has a tectonic fabric imposed by solid state 
flow. The layered gabbro and pyroxenite originated by 
crystal accumulation in magma chambers which acted as 
reservoirs for the SIC and pillow lava magmas. Higher 
level gabbros and the quartz diorite formed by fractional 
crystallization of the basic melts. Wilson (1959) pointed 
out that the remarkable parallelism and absence of country 
rock in the SIC implied an origin in an extensional 
ensimatic environment and this has been emphasised by 
subsequent authors. Moores and Vine (2£. cit.) interpreted 
the complex internal relations as the product of multiple 
intrusion and extrusion of small magma bodies about the 
spreading axis. 
Their model contrasts wlth the alternative presented by 
Greenbaum (1972). He concluded from a study in the Plutonic 
Complex around Mount Olympus that it was formed by crystal 
accumulation in a single linear magma chamber beneath a 
mid-ocean ridge, floored by the harzburgite. Greenbaum also 
considered that the harzburgite is residual although he regarded 
thedunite as a deformed cumulate. Greenbaum suggested that the 
magma chamber was in a steady state in which movement of the 
lithosphere away from the spreading axis was approximately 
balanced by the influx of primitive magma from the mantle 
(Figure 1.1). A concentric thermal and chemical gradient was 
maintained towards cooler, more differentiated magma and so 
the four mineral phases crystallised simultaneously but in 
different zones of the magma chamber. Crystals accumulating 
on the moving floor were borne slowly outwards to where they 
Figure 1.1 Hypothetical section of the lithosphere at a slow-spreading oceanic ridge 
After Greenbaum 1972 
x 
x x 
X 
<:::> 0 
c::> 0 
C> C> 
x x 
x x 
)( 
X 
C> 
o 0 
x X 
X >< 
X 
X 
X 
X 
X 
Pi lIo~ 
~Q.v~5 
5~c.~~ 
d~~~s 
HQ.or'ab~~t~ 
Chromlte 
Olivine 
~<~---------- - - ~ eli nopyroxene 
Plagioclase E<~----- - ~ 
( 
~---~ 
?' 
------
indicates mineral accumulate. in thi. zone 
indicates zone where mineral forms 01 intercumulus phase 
F low In magma 
Isotherm 
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were buried ~ a succession of lower temperature assemblages. 
In a very detailed study of the Plutonic Complex, Allen (1975) 
preferred ~ intrusive model closer to that of Moores and 
Vine and presented evidence for numerous, discrete "magma cells" 
beneath spreading axes, each replenished by magmas of slightly 
varying composition. The evidence included intrusive contacts 
and zones of xenoliths within the Layered Sequence, ultrabasic 
sills at high levels and multiple intrusive contacts at the 
top of the Plutonic Complex. ~len considered that the 
plutonic complex differentiated from a picritic magma with low 
Na, K, Ti and P. 
Metamorphic grade decreases steadily upwards from amphibolite 
facies in the Upper Plutonic Complex to cold water zeolite facies 
in the pillow lavas. (Gass and Smewing 1973). Metamorphic zonatio 
is sub-concordant with lithological boundaries and late Cretaceous 
sediments overlying the Massif are unmetamorphosed. There is a 
metamorphic discontinuity within the zeolite facies at the base 
of the UPL which often coincides with an unconformity. It 
was suggested by Gass and Smewing that the LPL and SIC were 
metamorphosed together at an oceanic spreading axis in a thermal 
gradient of not less than 1S0o C km-1 and should be combined as 
the "Axis Sequence" (Table 1.1) • The UPL were considered to 
have eruptod "off-axis", away from the Axis Sequence metamorphic 
regime and to have been metamorphosed in their own "perched" 
thermal gradient. 
Similar hydrothermal metamorphism is seen in the ophiolites of 
East Liguria, Italy (Spooner and Fyfe, 197~) and southern 
Chile. ~tern ~ !.!., 19'16). Spooner and Fyfe (22. £!!.) 
postulated that a circulating hydrothermal system was the 
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prime agent of metamorphism and heat and mass transfer at 
the then active constructive margin. Seawater was 
envisaged as percolating down through the crust, being 
hea ted and returning up narrow zones to discharge int.o the 
ocean. They attributed the formation of cherts and massive 
sulphide deposits associated with ophiolites to this 
hydrothermal activity. Ferromanaganoan sediments (umbers) in 
the Troodos pillOW lavas are thought to have been precipitated 
from thermal springs which discharged seawater enriched in 
heavy metals ~ched from the Axis Sequence. (Robertson and 
Fleet 1976). Analogous hea~/ metal enriched hot brines occur 
in the basal waters of the Red Sea (Degens and Ross 1969) and 
metalliferous sediments on modern ocean ridges (Robertson and 
Hudson 1973). 
Stable isotope geochemistry provides confirmatory evidence 
for both the origin of these metamorphic fluids and of the 
87 86 . parent magmas of the Troodos Massif. Early Sri Sr determ1na-
tions for the gabbros, plagiogranites and Axis Sequence fall 
in the range 0.7038 to 0.7056 (Peterman, Coleman and Hildreth 
1971, Greenbaum 1972) Peterman ~ ~., pointed out that these 
, 
values are outside the range of tholeiites from ocean ridges. 
However, Spooner ~ al., (1977) found that 87Sr/86sr in the 
gabbros and plagiogranites increased even with slight 
metamorphism and so high values could be the result of contamina-
tion by isotopically heavier material such as seawater. Analysis 
of pristine gabbros established that Troodos Sr isotope ratios 
did overlap the higher values of fresh modern ocean floor basalts. 
This indicates that the Massif formed from mantle which had a 
similar depletion history to that which Underlies some modern 
ocean ridges. Determinations of 6 180 in low grade metabasites 
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£rom Troodos, East Liguria and Pindos, Greece, are consistent 
with the hypothesis that seawater, rather than meteoric water, 
was the hydrothermal fluid. (Spooner ~ al., 1974). The 
magni tude of change in isotope composi tion indicates very large ',r 
A . d . ~ 180 water: rock ratios. progress~ve ecrease ~n 0 was 
correlated with increasing metamorphic temperatures at greater 
stratigraphic depth. (Heaton et al., 1977). 
Many elements are labile during hydrothermal metamorphism 
(Section 1.3) so several interpretations of primary geochemistry 
on Troodos have depended on the immobile trace elements. Pearce 
and Cann (1973) considered that the Ti, Zr, Y and Nb content 
of the basalts was dagnostic of ocean floor tholeiites. 
Pearce (1975) combined several lines of geochemical evidence 
and concluded that the Axis Sequence shared many chemical 
features ~th ocean floor basalts (although there were significant 
differences) but the Upper Pillow Lavas were more like low 
potassium (immature island-arc) tholeiites. He suggested the 
ophiolite originated in a behind~arc basin above a south-9ipping 
subduction· zone. 
Smewing !1 al., (1975) reached a similar conclusion. They also 
pointed out that the range in abundance of incompatible elements 
in the lavas suggests extensive pre-eruption crystal fractionation. 
However, they found the range in composition is too great to be 
explained by this mechanism alone, requiring, in addition, 
variation in the composition of the parental magma. A general 
upward decrease of the incompatible traces in the lava pile 
suggests a succession of magma batches, each more depleted 
in traces, arising by incremental partial melting of the mantle. 
The distribution of the RRE supports this model. (Smewing and 
Potts 1976). 
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1.3 Methodolpgy and Rationale 
1.3.1 Objectives 
The objectives of this project vere (i) to identify the types 
of plagiogranite occuring in five ophiolites of differing age 
and tectonic setting and to determine and compare their 
detailed field relations, primary and secondary petrography 
and geochemistry. (ii) To determine by what magmatic and 
metamorphic processes the plagiogranites were formed, from 
what parent material and at what stage in the evolution of 
the ophiolite. (iii) To compare plagiogranites from ophiolites 
with similar dredged rocks from the present day oceanic crust 
and thereby to test the hypothesis that ophiolites represent 
oceanic lithosphere fragments. 
1.3.2 Background 
The Troodos Massif (Section 2.1) was chosen as the first field 
area for several practical and scientific reasons. It is 
arguably the most thoroughly documented and best understood 
ophiolite in the world. All parts of the ophiolite sequence 
are moderately well exposed and accessible. No later metamorphism 
has obscured spreading axis processes. The second area, the 
Semail Nappe, (Section 2.2) is a huge, undeformed, complete 
ophiolite and, although less intensively studied, has many 
features in common with the Troodos Massif, including Tethyan 
origin and Upper Cretaceous age. Excellent exposures of 
plagiogranite abound. The general similarities corroborate 
observations on Cyprus, the differences exemplify spatial 
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petrogenetic variations in the Tethyan belt. The third and 
fourth areas, The Smartville Block (Section 2.3) and the 
Point Sal ophiolite (Section 2.4) are Jurassic ophiolites 
preserved m contrasting tectonic situations in the 
western American Cordillera. The Smartville Block was only 
recognized as an ophiolite very recently and is sparsely 
documented. The last area, the Ballantrae Complex (Section 
2.5), is a dismembered Lower Palaeozoic ophiolite in the 
southern caledonides. 
1.3.3 Methodology 
Instead of conventional field mapping, the adopted strategy 
was to visit several areas within each ophiolite where 
plagiogranites crop out and to determine and collect rrom the 
various types and their host rocks and to analyse the details 
or their field relationships. The areas were chosen by 
rererence to existing maps. Although rield work concentrated 
on the Upper Plutonic Complex and the lower part or the sheeted 
intrusive complex, representative sections of the rest of each 
ophiolite were also studied. Petrographic study was mostly by 
optical microscopy with a limited contribution rrom electron 
probe microanalysis. Geochemical analyses were by X-ray 
rlourescence, neutron activation and wet chemical methods 
(r:..ppendix 3). 
1.3.4 Nomenclature 
The petrographic nomenclature adopted is based on a modal 
classification proposed by an 1005 commission (5treckeisen" 1976) 
(Table 1.3). However, "albite" and "quartz albitite" are 
Table 1.3 Petrographic Nomenclature 
Classification of coarse to medium grained plagioclase-rich 
igneous rocks by mode 
Average Anorthite % 
in plagioclase 
Gabbro 
50 
Diorite 
05 
Albitite 
o 
05 
Quartz 
Gabbro 
Quartz 
Diorite Tonalite 
Quartz Albite 
Albitite Granite 
20 
Quartz % of salie minerals 
K-feldspar is less than 5% total feldspar. 
60 
When mafic minerals are less than 10% of the mode the 
prefix 'leuco' is added. Trondhjemite 1s equivalent 
to leucotona1ite. 
After Streekeisen 1976. 
Table L 4 Abbreviations used in text 
conventional symbols are used for S.l units, 
Chemical elements, oxides and ions. 
Fe 20 3* 
F.Z 
G. V.S 
H.R.E 
L.I.L 
L.P.L 
L.R.E 
L.V.U 
M.A.R 
M.O.R 
my 
RE(E) 
ERE 
S.I.C 
U.P.L 
U.V.U 
Mineral 
Ab 
Acc 
Act 
Amph 
Ap 
Btot 
Cal 
Total iron as Fe20 3 
Fracture Zone 
Great Valley Sequence 
Heavy rare earths 
Large ion lithophile 
Lower pillow lavas 
Light rare earths 
Lower volcanic unit 
Mid-Atlantic Ridge 
Mid-ocean ridge 
million years 
Rare earth (elements) 
Sum of chondrite normalised abundances of 
Ce, Nd, Sm, Eu, Gd, Tb, Tm, Yb, Lu 
Sheeted Intrusive Complex 
Upper Pillow Lavas 
Upper Volcanic Unit 
abbreviations 
Albite Ha Haematite 
Accessory Hnd Hornblende 
Actinolite 01 Olivine 
Amphibole Op Opaques 
Apatite Opx Orthopyroxene 
Biotite Or Orthoclase 
Calcite Pl Plagioclase 
Table 1.4 Abbreviations used in text (continued.) 
ChI Chlorite Preh Prehnite 
Cpx Clinopyrozene Py Pyrite 
Cr Chromite Qz Quartz 
Cum Cummingtonite Saus Saussurite 
CZ Clinozoisite Sph Sphene 
Ep Epidote Zrc Zircon 
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retained in preference to the recommended albite syenite and 
quartz albite syenite to avoid implication of alkalic associa-
tion. Although "plagiogranite" is used in the collective sense 
proposed by Coleman and Peterman. (1975), their cumbersome 
adjective "oceanic" is dropped to avoid genetic connotations. 
However, in order to distinguish plagiogranites found in 
ophiolites from those of island arcs (Section 2.6) and the 
ocean crust (Section 2.7) prefixes are used where appropriate. 
Several difficulties preclude the precise classification of 
individual plagiogranites. They are frequently heterogeneous 
on a small scale and this is often due to variable development 
of secondary minerals which obscure the primary assemblage. 
Average anorthite content is usually impossible to determine 
because of complex zoning of plagioclase. However, as the 
plagiogranites generally occur in a continuous monogenetic 
series these difficulties are not of critical importance. 
As all plagiogranites have been at least slightly altered, 
the prefix "meta" is employed herein only when it is important 
to distinguish fresh and metamorphosed specimens... "Epidosi teif 
describes metamorphites composed essentially of epidote and 
quartz. First identified on Troodos by Wilson (1959), and 
termed a quartz gr~nulite, epidosite can be derived from 
either a plagiogranite or a dolerite by extensive hydrothermal 
metasomatism. 
1.3.5 Geochemistry 
In the interpretation of geochemical variation among the 
plagiograni tes, the following factors were tC'.ken into account. 
(i) Composition of parent magmas; both primary mantle melt and 
-12-
the evolved basic melt from which the first plagiogranite 
liquid was derived. (ii) Composition and proportion of 
fractiona ting and cccumula ting mineral phases. (iii) The 
efficiency of melt seperation from precipitated crystals 
and so whether a particular specimen represents a liquid 
composition, a cumulate or a crystal mush. (iv) Chemical 
mobility due to post-solidification hydrothermal activity 
(metasomatism) (v) chemical mobility in late stage magmatic 
aqueous phases (vi) assimilation or xenoliths. 
The internal consistency or the geochemical data and their 
overall correlation with petrography suggests geochemical 
variation due to analytical error is small relative to that 
caused by petrogenetic factors. h is assumed that where 
analytical e~ror does occur it is randomn and causes 
divergence from primary trends rather than convergence to a 
false trend. 
Several authors have commented on the mobility of elements 
such as Si, Fe, the alkali and alkaline earth elements in 
zeolite and greenschist facies metabasites (e.g. Hart 1974, 
Smewing 1975). Other elements; Ti, Zr, V, Nb, Cr and the 
heavy REE, are considered to be immobile during hydrothermal 
alteration (Frey 1968, Cann 1970, Pearce and Cann 1973, 
Bloxham and Lewis 1973, Wood 1977) although doubt has been 
expressed about the universal immobility of the REE. (Frey 
1974, Hellman and Henderson 1977). The immobility or these 
elements usually has been demonstrated empirically (e.g. 
cann~. cit., Wood ~.~.) but, as Pearce (1973) has pointed 
out, the relative liklihood of an element being retained in 
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a crystal lattice or taken into aqueous solution during 
metamorphism'can be predicted from thermodynamic considera-
tions. 
The secondary mobility of labile elements in plagiogranites 
was investigated by identifying groups of fresh and altered 
specimens with fue same primary mineralogy and immobile 
trace element content and then seeking consistent variation 
of labile element content with degree and type of alteration. 
The percentage and variety of secondary minerals was assessed 
microscopically. It was assumed that the more radical the 
change from primary mineralogy the more likely was metasomatism 
to have occurred. The converse, that metasomatism necessarily 
accompanies recrystallization was found not to be the case. 
+ The iron oxidation ratio, FeO/FeO + Fe2 0 3 , and H2 0 have both 
been employed as indices of alteration in basaltic rocks 
(e.g. Miyashiro 1969). In the Troodos Upper Plutonic Complex, 
the iron oxidation ratio is not sufficiently predictable for 
this purpose. Some altered rocks are heavily oxidised but 
some are reduced with the formation of pyrite. There is also 
magmatic variation, later differentiates being more oxidised. 
(Section 2.1.3). The variable development of primary hydrous 
h . \ p ases 1n the Upper Plutonic Complex suggests magmatic water 
content also varied and volatiles were not analysed. In the 
Troodos pillow lavas, 6180 does not vary systematically with 
+ H20 • (Heaton ~!!., 1977). 
-14-
Chapter 2 Description 
2.1 The Troodos Massif 
2.1.1 Regional Geology 
The Troodos Massif is the main mountain range on the island 
of Cyprus which is &tuated in the Eastern Mediterranean 
70 km. south ox Turkey and 100 km. west ox Syria. The 
island is small, only 230 kID. E-W by 100 kID. N-S and 
occupying a total of 9200 sq. km •• 
The geological structure of the island controls the topography 
which can be conveniently divided into xive regions (Gass and 
Masson-Smith 1963) Figure 2.1.1. The northe~nmost unit 
comprises ~he allochthonous Upper Paleozoic to Cretaceous 
limestones, radiolarites and volcanics of the Kyrenia range. 
These are flanked by structurally related but less dexormed 
autochthonous Miocene Flysch. The central plain of Cyprus, 
the Mesaoria, is underlain by thick, undisturbed, mainly 
marine sediments of Pliocene to Recent age. These rest 
unconformably on the deformed flysch to the north and on 
gently dipping calcareous sediments to the south. These 
autochthonous sediments, of Maestrictian to upper Miocene 
age, overlie the Troodos Massif to its north and south. 
To the south they are more deformed and include pelitic and 
detrital litholoaies. To the west and south of the Massif 
they overlie the allochthonous Mammonia Formation and the 
~ 
Moni Melange •. The former is'a series of nappes of Late 
Triassic to Jurassic sandstones, limestones, pillowed 
alkaline basalts and serpentinite (e.g. Lapierre 1972). The 
Figure 2. 1.1 Geological sketch map of Cyprus 
After Gass and Masson-Smith 1963, 
Greenbaum 1972, Robertson 1977 
Med.. ite<,~o..""eQ."\. 
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Allochthonous rocks of the Ky.-enia Range 
Miocene flysch 
Pliocene-Recent sedirr.ents 
'1'1'11 i,A_ F u_ u~1 ! I:' :" 'Y1Q~nta ormation and 'Ylgni me ange 
.. ' .. '. 
:::.:.:- Lapithos Group 
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Moni Melange is a chaotic mass of rocks similar to those of 
the Mammonia Formation in a matrix of deep water clays 
(Robertson 1977). 
The Troodos Massif, rising to nearly 2,000 m, is a complete 
ophiolite complex, according to the 1972 Penrose Ophiolite 
Conference definition. It's main outcrop is continuous 
over an area measuring 90 kID. by 30 kID. with two small 
inliers to east and west. Boreholes have proved its 
northerly extension under the Mesaoria (Vine, Poster and 
Gass 1973). Extreme uplift of the ophiolite complex has 
exposed its lowest member)the tectonized harzburgite, in 
the middle of the Massif and this ~ surrounded by annular 
outcrops of progressively higher members. In the south, 
this simple pattern is disturbed by the Arakapas Fault 
Belt, a palaeotransform fault, (Simonian, 1976) and the Limassol 
Forest Serpentinite. palaeontological evidence suggests 
extrusion of the pillow lavas, now outcropping on the periphery 
of the Massif, during Upper Cretaceous but pre-Campanian times 
(Mantis 1971). The sparse radiometric data available support 
this hypothesis (Vine ~ al., 1973), 
Although most authors agree that the Massif was formed at an 
oceanic spreading axis, the exact nature of its original 
tectonic setting and mode of emplacement remain uncertain. 
It lies m the southern most &ructural belt of the Taurides and 
related ophiolite terrain lies to the northwest (Antalya, 
Turkey) and northeast (Ba~r-Bassit/Hatay, Syria/TUrkey) (Ricou 
1971). pala~oma~netic data show the Massif has rotated 900 
anticlockwise since the Cretaceous. (Moores and Vine 1971). 
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Figure 2. 1.2 Geological sketch map of the Troodos Massif 
After Goss and Masson-Smith 19~3 
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Gass (1977) suggested the Massif was underthrust by the 
African plate in the late Mesozoic, during the convergence 
of Africa and Eurasia. Subsequent uplift of the ophiolite 
was centred on a 10 km. diameter serpentinite diapir, mantle 
material hydrated by water released from the underthrust slab. 
Pre-emplacement uplift by serpentinite has been suggested for 
other ophiolites (Smith and Woodcock, 1976). Pearce (1975), 
Smewing et al., (1975) concluded from geoche~ical affinities 
that the Massif originated in a marginal basin, above a 
south-dipping subduction zone. However, Robertson (1977) 
contends that both the Mammonia Formation and the Moni M~lange 
were emplaced from a continental margin to the southwest 
(northwest before palaeorotation). He postulated northwesterly 
subduction of Mesozoic ocean crust beneath tne Eurasian 
continental margin. When subduction ceased in the late 
Cretaceous, a section of the ocean crust was preserved on the 
edge of the trench, which was filled with sediments slipping 
from the continental margin. 
2.1.2 Field Relations of the Upper Plutonic Complex 
2.1.2.1 Gabbros 
The relationships within the Layered Sequence of the Plutonic 
Complex have been described by Wilson (1959) and Allen (1975). 
The criteria which distinguish gabbros in the Layered Sequence 
from those in the Upper Plutonic Complex do not permit a 
sharp division to be drawn. There i~ a transition zone 
beneath which the gabbros are-unaltered medium to fine grained 
pyroxene gabbros with compositional layering. The overlying 
gabbros are massive coarse to medium grained, frequently 
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amphibolitized and most readily distinguished in the field by 
the absence of cumulate layering. These gabbros can be uniform 
at outcrop level but are more usually compositionally and/or 
texturally heterogeneous. They have been referred to as either 
"high level gabbros", by virtue of their stratigraphic position, 
or "varitextured gabbros". The latter term was adopted because 
it is based solely on textural criteria. 
Randomn or en echelon pegmatite veins, pods and dykes are common 
in the varitextured gabbro. Segregation gabbro is a type or 
\ 
varitextured gabbro which is particularly significant in the 
study of the granitic rocks. It has leucocr~tic, often quartz 
bearing, patches veins or pods up to one metre across which 
have gradational contacts with the gabbro host. The veins are 
commonly associated with coarse, acicular amphiboles and gabbro 
pegmatities. As they appear to have no reeder vein they seem 
to have originated in situ by segregation rrom the gabbro. 
The veins in segregation gabbro are the "str.l.tigraphically 
lowest" occurence or plagiogranite. The prescence of segrega-
tion textures does not imply the formation of two immiscible 
liquids. It is thought that the segregations are a residual 
liquid seperating rrom a crystal mush. 
2.1.2.2 Plagiogranites 
The leucocratic segregations are not invariably isolated and 
at a few localities they pass directly into sharp margined 
veins that range in width from a few centimetres to over a 
metre. The absence or chilled margins and the frequently 
observed variation from quite sharp to rapidly gradational 
margins suggests that the host was sometimes plastic and in 
Figure 2.1.3 Schematic summary of field relotions at the top of the Plutonic Complex 
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other instances was sufficiently cool to be brittle. Although 
the in situ veins are confined to segregation gabbro, the 
sharp margined plagiogranitic veins intrude both layered 
gabbro and other plagiogranite. 
The apparent mobilization and coalescence of tonalitic material 
into larger mtrusive bodies culminates in the formation of 
sheets of acidic rock up to kilometric horizontal dimensions 
and a hundred metres thickness. These bodies are the highest 
stratigraphic horizon in the Plutonic Complex. They are 
laterally discontinuous and pass gradationally sideways and 
downwards into varitextured gabbro. This may occur within a 
few metres or over several tens of metres. At one locality, 
near Phterikoudhi, a variety of heterogeneous intermediate 
types are seen between a segregation gabbro and a metatonalite. 
The absence of intrusive margins in this outcrop suggests the 
heterogeneity is due to incomplete segregation rather than 
mixing of two types. Diorites are apparently less abundant 
than the quartz-rich plagiogranites. On Troodos this diorite 
gap seems to be the product of the gabbro/platiogranite segrega-
tion process. 
The acidic differentiates range from quartz diorites and 
tonalites to mafic-free trondhjemites. They are often 
texturally and mineralogically inhomogeneous. This is 
attributed to variation in the many processes involved in 
their formation. (Table 2.1.1). (Plate 3 and 4). Columnar 
jointing occurs in the thickest bodies, implying the existence 
of a single sizeable body of stagnant liquid. 
Table 2.1.1 Flow chart of petrogenetic processes 
Variation in these processes would produce heterogeneity 
amongst the plagiogranites 
Fractional crystallization in basic melt 
Segregation of interstitial acidic residuum from 
gabbroic crystal/liquid mush 
Mixing of many small acidic segregations 
Mixing of acid and basic liquids 
Incorporation of xenoliths 
(Dolerite, diorite, tonalite, gabbro) 
Retention/Incorporation of xenocrysts 
(Plagioclase, PyrOKene) 
11 
Assimilation 
t 
Crystallization of acidic liquid 
Crystal growth, settling, accumulation 
Separation of interstitiial liquid 
Metamorphism 
Plate 1 Diffuse - margined microtrondhjemite veins 
in varitextured gabbro,Pelendria , Cyrus . 
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Xenoliths, although common, are not ubitquitous. They are 
normally doleritic or basaltic, sometimes dioritic or 
tonalitic, rarely gabbroic. In many cases they have 
undergone assimilation and thereby lost coherence. Although 
unaltered examples are almost always sharp-edged and angular, 
rounded basaltic inclusions occur at Palekhori. (Plate 5). 
These are up to one metre across, with irregular, generally 
rounded, crenulated, convex margins which maybe sharp or 
diffuse on anyone xenolith. Similar textures have been 
described by Walker and Skelhorn (1966) who attribute them 
to be mixing of acid and basic magmas and this is thought to 
have occured here. The phenomenon has only been observed at 
one locality. There are two possible reasons for its rarity 
on Troodos; either such a mixture is unstable and homogenisation 
is rapid or mixing is uncommon. Since partly homogenised 
hybrids are not seen it is thought that the injection of a basic 
into an acidic liquid rarely occurs. 
The plagiogranite sheets are often cut by veins of more 
differentiated acidic material, including aplite, and dykes 
of dolerite, porphyritic rhyolite or gabbro. Dolerite dykes 
also intrude varitextured gabbro. In some sections, the 
proportion of dykes exceeds 50~ 
2.1.2.3 The Sheeted Intrusive Complex 
In its central section, the SIC is composed entirely of 
subvertical basic dykes with regional north-south orientation. 
Local low angles of dip are attributed to faulting. Dykes 
vary from filaments a few centimetres thick which are often 
of irregular shape to planar sheets several metres wide. 
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Thin basaltic types often occur as apparently highly fluid late 
stage emplacements. 
The dykes are normally parallel, with little transgression, 
(Plate 6) and this has given rise to the striking sheeted 
aspect which has named this part of the ophiolite complex. 
Multiple dyking is the rule, later formed dykes being 
emplaced up the centre of previous ones, with a fine grained 
chilled margin forming against the coarser interior of the 
older dyke. Multiple splitting up the same axis can isolate 
one dyke margin from its original pair. Kidd ~ ~., (1974) 
has suggested that the preponderance of west chilling dyke 
margins on Troodos indicates the original spreading axis lay 
to the present day geographic east. 
The regional parallelism of the dyke swarm suggests that the 
same pattern of regional extensional stress was maintained for 
a long period of time relative to the time scale of individual 
dyke emplacement. HOwever, the parallelism is enhanced on a 
local scale by the constraint imposed upon later dykes by the 
fabric of the swarm. Dykes cutting the pillow lavas are not 
so constrained and tend to be sinuous. (Wilson 1959). 
2.1.2.4 Plagiogranites in the Axis Sequence 
Microtonalite, prophyritic and aphyric rhyolite dykes intrude 
tonalite and dolerites at the top of the Plutonic Sequence and 
in the SIC. 
At Mosphiloti, in the extreme east of the Massif, a cluster 
of rhyolite bosses intruding the Axis Sequence forms prominent 
P18 L) Liejuj ci / 1 iquid mixture of tonal i te <tnd 
bR.sal t . Note lob:Jt ~ [nd ,r 'mml [,t8 rnOrf~inq n110 q\l:trt :-. -
feldspar oc lli within do 1 ()yi te . L);, -1 8J.:.ori , CYl)l'lW . 
Coin if~ ;'crn . dinm8t r . 
Plate 7 Flow- banded fel site , I"losphiloti , r;TfJI'1J2 . 
Co i n is 2cm. diameter . 
('he ed Intrusive Complex , dipping away 
Rnd right of the hammer . There is a single 
tran [5ression , just to he left of the hammer . 
H romer.-head is 17cm. long . 
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hills up to 100 m. above the general level. The intrusions 
are of a variety of sizes up to about 4-5 km2 outcrop and 
of irregular shape. The poor exposure in the area does not 
permit unequivocal interpretation of dolerite outcrops within 
the rhyolites. These could be xenoliths, roof pendents, 
screens or dykes. The geographical remoteness of Mosphiloti 
from the main outcrop of the Plutonic Complex suggests these 
bodies have intruded a high level of the Axis Sequence. The 
frequent presence of vesicles, flow banding and autobrecciation 
testifies to a high volatile content which could be responsible 
for their unusually high level of emplacement. (Plate 7). 
2.1.2.5 Intrusive relations between the Plutonic Complex and 
the Sheeted Intrusive Complex 
Dolerite dykes cut the Upper Plutonic Complex and screens of 
plutonic rock appear in the SIC and so there is no clear 
definition of the basic of the SIC. There is a regional upward 
increase in the proportion of hypabyssal to plutonic rock but 
on the local scale this ratio changes abruptly either upwards 
or &deways. This is shown in stylized form in Figure 2.1.~ 
Where it is well exposed the 'top of the "acid cap" (or gabbro 
where this is absent) intrudes the SIC, cross-cutting and 
terminating the dykes. The later liquids stopped off the base 
of dykes which themselves were probably formed from earlier 
liquids· wi thin the same ma.gma cha.mber. However, la ter dykes 
of the same trend frequently cross-cut the Upper Plutonics. 
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2.1.3 petrography 
2.1.3.1 Introduction 
The rocks of the Upper Plutonic Complex contain relatively 
few mineral species but these occur in a range of abundances, 
textures and compositions. potassium-rich phases are absent. 
Only a few specimens are entirely free of secondary crystalliza-
tion that partly or totally obscures the primary mineralogy and 
texture. 
The petrography of the varitextured gabbros and plagiogranites 
is summarised in Table 2.1.2. The secondary mineral assemblages 
are identical to those found in basaltic rocks at lower 
amphibolite and greenschist facies regional metamorphism. The 
. 
hydrothermal metamorphism of the Axis Sequence has been 
described by Gass and Smewing (1973). As there is no identifiable 
metamorphic discontinuity at the base of the SIC, it appears 
that the Upper Plutonic Complex was metamorphosed by the same 
agency. The Layered Sequence rarely displays any significant 
metamorphic modification (Allen ~. £!!) and obviously lay 
spatially below the limits of the metamorphic field. 
Three other generalizations can be made. Very commonly 
metamorphic assemblages are in disequilibriwl1; shown by 
inhomogeneous, partial replacement textures on small (single grain) 
to large (outcrop) scales. In addition, mineral reactions are 
usually retrograde, that is, they appear to have taken place in 
a regime of falling rather then rising temperature. Stress 
oriented fabrics are absent (except close to faults). 
Table 2.1.2 
Rock 
Type 
Gabbro 
Magnetite 
gabbro 
Pegmatite 
gabbro 
Segregaticn 
gabbro 
Summary of Petrography 
Primary Minerals and 
Macroscopic textures 
Pl, An 90 to An 40, cpx, 
Microscopic 
Textures 
Pl, euhedral to sub-
Opx.Acc Op hnd qz. hedral, elongate or 
Coarse to medium grained. equant grains! complex 
Uniform or varitextured zonation. Pyx, 
(heterogeneous, subhedral, elongate 
pegmatitic) 
layering. 
No cumulate often poikilitic. 
As gabbro with 5% - 10% 
modal OPe 
As gabbro, with abundant 
hnd. In veins and dykes 
crosscutting gabbro. 
Coarse grained. 
As varitextured gabbro 
with insitu veins of 
leucocratic, often 
qz-rich, material 
Op, anhedral to 
subhedral, often 
enclosed in secondary 
amph. Qz, interstitial, 
occassional graphic 
texture 
Strongly zoned pl. 
common 
Strongly zoned pl. 
Interstitial 
granophyre 
Table 2.1.2 
Rock 
Type 
Tonalite 
Trcnihjemite 
Qz Diorite 
Rhyolite 
or Quartz 
Porphyry 
(continued) 
Primary Minerals and 
Macroscopic textures 
Microscopic 
Textures 
PI, An GO-An 10, Qz, Hnd (green, browngreen 
or rarely bluegreen) + cpx. Acc sph, ap, zrc. 
Medium to fine grained. Rarely pI - phyric. 
Usually heterogeneous. Medium to pale grey/ 
green, to white or pink to rustyred. pI, 
Anhedral to euhedral, complex zonation.Hnd, 
Interstitial or poikilitic anhedra, rarely 
subhedral acicular. Qz, Anhedral, equant or 
interstitial or poikilitically encloses plag. 
Fine to coarse irregularly developed granophyre. 
Sph, Anhedra,rare rhorobs. Ap, Rods and 
needles usu.enclosed in plag or qz. Zre, 
sparse anhedra 
As tonalite, richer in Qz and very poor in 
mafies. No epx. Pale grey/green or white. 
Granophyre very ,common 
As tonalite, poorer in Qz and often richer in 
mafies Medium to pale grey/green 
Qz, pl.Ace op, sph + irresolvable groundmass 
Pale grey to rustyred Porphyritic or 
finegrained aphyric with flowbanding, 
vesiculation and autobrecciation often 
glomeroporphyritic. Usu qz and pl- phyric 
Resorbed qz phenocrysts up to 3mm diameter, 
can have fluid inclusions. Groundmass usu 
reerystallized/devitrified? PI rarely zoned. 
Table 2.1.2 (continued) 
Summary of Secondary Petrography 
Rock 
Type 
Gabbros 
Tonalite 
Tradbjemite 
Qz Diorite 
Secondary Minerals and Textures 
Hnd ± Act (Uralite) + cum + saus + Qz + some 
cz, chl, sph. Amph, fibrous to columnar, wholly 
or partly pseudomorphs pyx or hnd or forms 
fibrous aggregates or mats. Qz, replaces pI or 
interstitial. Cz, small amounts replace pI or 
interstitial. ChI, usu. fibrous in parallel 
growth with amph. or interstitial mats or 
within pl. 
+ Hnd + Act + chi + Ab + saus + Oz + cz 
+ ep + sph + ha + cal. Rare allanite, py. 
Amph and chI, as gabbro. Saus in pl cores or 
whole grain. 
granophyres. 
Qz, replaces pI, often forms 
Cz. intergranular, ep, 
interstitial, both replace pl. Fine or 
medium:coarse grains or aggregates or radiating. 
Some weak zonation. Hm replaces mag. Sph fringes 
or totally replaces ilm. Cal in matrix and 
in veins. 
Table 2.1.2 (continued) 
Summary of Secondary Petrography 
Rock 
Type 
Epidosite 
Rhyolite 
Secondary Minerals and Text'.lres 
Ep + Qz + sph. Remnant minerals from host. 
Complete replacement of host (tonalite or dolerite) 
by coarse irregular grains. Often grades into 
less altered rock 
Qz + ab + Act + chI + ep + sph + ha. Rare 
geotite, some cal. PI phenocrysts sassuritized 
and epidotized. Ha and goetite replace py. 
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Regionally, the lower parts of the Upper Plutonic Complex 
have mineral assemblages typical of lower amphibolite 
facies passing upwards into greenschist.facies assembl~ges. 
Amongst the rock types in the Plutonic Complex, the 
trondhjemites regularly have the highest proportion of 
secondary minerals. 
2.1.3.2 Gabbro 
Although zoned plagioclase is rarely found in the Layered 
sequence, it is very common in the Upper Plutonic Complex. 
A zoned crystal typically has a euhedral core of optically 
uniform composition with a zoned inner rim and more uniform 
outer rim. (Plate 8). The zonation is often on a very 
fine scale and can be continuously or discontinuously normal 
or oscillatory. Individual zones may be sharply defined or 
indistinct. Resorption orten occurs during rim formation. 
Core compositions are highly calcic, between An90 and An80 • 
This is ~ry little less calcic than either cumulate or 
poikilitic feldspar in the Layered Sequence. (Allen ~£!!.). 
However, rim compos~tions show very. great variation, to An40 • 
Beyond these generalizations zonation is highly inconsistent 
within a single thin section, unzoned and zoned crystals of a 
range of complexity can coexist. Preliminary microprobe 
analysiS indicates that unzoned p!agioclase has a similar 
composition to the cores of zoned feldspar. 
Clinopyroxene dominates orthopyroxene in the varitextured 
gabbros. Both varieties are usually partly 0r wholly 
replaced by amphibole. Replacement commences along the 
margins and cleavage planes and so pyroxene most frequently 
l)l:d: r..: B Zoned pl(1f~ioc 10"'0 III mit E;IlC i. ,c gnbl\1'o . Utt~: llE'l~ 
C01' 8 nt to p , comp le:x inner rim with resorp tion f e a ture 
c nt I ' and W 8k1 Y zoned outer rim below . (x- pols ') 
o 0 ,5 MIV\ 
Plate 9 Trondhjemite . Zoned plagioclase laths wi ~l 
~nussurjtised cores , poikilitically enclosed and 
r; l j r;ht l y rCflorbed by qua t7. . }; rtinc ack rO'LUld is a 
:~i]'lf';l c: Citl:ll 'L ",. (-x -f1n 1 s) 
o I", m 
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occurs as netted remnants. Hornblende, actinolite and 
intermediate amphibole compositions occur. Rare multiple 
twinning in amphibole suggests cummingtonite is also 
present, presumably after calcium-poor pyroxene. Little 
primary horblende occurs in non-pegmatitic gabbros. 
The abundance of the opaque minerals, magnetite and ilmenit~, 
varies widely in the gabbros. They are absent in the 
unaltered pyroxene gabbros but occur in grains up to 1 rom. 
diameter in the magnetite gabbros indicating that they only 
appear late in the differentiation series. Ilmenite can 
often be distinguished by its angular habit and local 
alteration to leucoxene and sphere. Preferential alteration 
of ilmenite reveals delicate exsolution textures within 
magnetite. Secondary minerals typical of the greenschist 
facies generally occur in only small proportions in the gabbros. 
2.1.3.3 Plagiogranites 
The plagiogranites are predominantly tonalites and trondhjemites 
with same quartz diorites and diorites. They rhyolites are a 
distinct type and are described seperately. 
Plagioclase, ubitquitously zoned in similar style to the 
gabbros, occurs in compositions ranging £rom An60 (core) to 
An
10
' Microprobe analysis has determined a composition range 
of almost 50% anorthite in a single zoned crystal. In some 
rocks larger feldspars have a uni£orm core and zoned rim 
whereas smaller ones exhibit continuous zoning. Microprobe 
data suggest that potassium is accommadated in plagioclase and 
coexisting hornblende in comparable amounts. 
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The acidic differentiates display a complete range in degree 
of ~teration, from 1% to 100% secondary mineralogy. Plagioclase 
is the best indicator of alteration. Zoned feldspar .. often has 
a saussuritized core and pellucid rim. Some examples of 
continuous zoning in pellucid feldspar may be secondary, 
caused by differential albitization but there are insufficient 
microprobe data to verify this. Discontinuous zoning is 
considered too delicate to have arisen by secondary processes. 
In otherwise little altered rocks, secondary quartz may still 
replace plagioclase, indicating not all secondary silica is a 
product of the breakdown of anorthite to epidote, albite and 
quartz. 
Quartz occurs in a wLde variety of textures which are 
frequently inhomogeneously developed. Often there is no clear 
distinction between primary and secondary quartz as partial 
replacement of plagioclase by quartz in optical continuity with 
interstitial quartz is usual. Although feldspar is always more 
abundant than primary quartz, primary and secondary quartz 
together can comprise up to 70% of the mode. Quartz and 
feldspar commonly appear in a variety of granophyric textures 
(Plate 10 and 11). The most leucocratic and late formed rocks 
have the most extensive development of skeletal quartz but 
plumose intergrowth also occurs in in ~tu veins in quartz -
free gabbro. The presence of both quartz and plagioclase 
phenocrysts in the rhyolites indicates that cotectic crystalliza-
tion is attained in some liquids. It is probable that many 
examples of quartz feldspar intergrowth originate by the 
s~multaneous crystallization of the two phases. The association 
of granophyric texture with late formed rocks suggests it may 
also arise through the interaction of late-stage silica-enriched 
fluids. 
1'1;1"[, (' '10 '1 '1'OlldtlJ(,lnitr . l 'rimAry gr:l11 phyr ; qUR tz 8110 
() 1 j [,;0( , 1;1.:' • Note S In, 1"1 'uh drnl pli.l. ioc lase , ' i ght o~C 
en 1 e . (x - pols) 
o 
.Pl t e 11 Trondhjemite . Secondary granophyre . Plumo c:s-
s condi.l.ry C]uClrt~ replacing turb id(extinct)feldspa:' 
:H1 cl ,'ll no ('11 Losine; [1 sinp.;l a iculm'" h ornbl nd • 
o 
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Pyroxene occurs but rarely in the tonalites and its 
original extent is difficult to asses because of wide-
spread amphibolitization. Hornblende certainly appears 
to be more important as a primary phase. Amphibole is 
variable in both texture and volume (0-25% of the mode). 
A range cr compositions between the two cammon types, 
hornblende and actinolite, occurs (Allen £E. cit. and 
present work) but there are too few analyses to confirm a 
miscibility gap such as found by Grapes (1975) and Hietanen 
(1974). However, as pointed out by xhese authors, the 
coexistence of two amphiboles cannot by itself be taken to 
indicate disequilibrium. Chlorite is most common in heavily 
altered tonalites but it may also coexist with unaltered 
plagioclase. The partial replacement of amphibole by chlorite 
is taken to indicate disequilibrium. 
Epidote minerals of a range of compositions occur, almost 
invariably associated with turbid plagioclase and secondary 
quartz. The early formed type is clinozoisite, typically 
replacing the calcic cores or, exceptionally, individual 
zones of plagioclase. The later formed epidote is more 
pistacitic and develops without regard for pre-exisiting 1 
grain boundaries. The process of epidotization is progressive, 
culminating in the formation of an epidosite. Epidote 
frequently forms close to joints or along joints and also in 
narrow cross-cutting veinlets. The importance of a fluid 
phase as the agent of epidotization if affirmed by the 
occurence of late veins of apple-green epidote and quartz in 
both the Upper Plutonic Complex and the SIC. 
.Plntc 1 ;' IJ 10nali te . Saussuri tised , euhedral , zoned 
plagiocl ase in centre . Inner zones ar3 partly replac ed 
by clinozoisite . (ppl) 
o 
Plate 1 ~ Epidosite . Right s i de is epidote and quartz , 
Left side is quartz and turbid plagioclase with 
r rnrwnt opnque . Note par tial development of secondary 
nnsemblDB'o in both plntes . ( ppl) 
o 
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Opaque phases are the most abundant accessory in the acidic 
rocks but are nowhere as common as in the magnetite gabbros. 
Two modes of opaque occur in some specimens; as 
finely disseminated grains within and around secondary 
amphibole and as isolated primary grains 10 to 100 times 
• their diameter, throughout the rock. 
2.1.3.4 Intrusive Rhyolites 
Rhyolites, or quartz feldspar porphyrys, are found in 
dykes and bosses intruding the acid plutonics and the SIC. 
Aphyric types with flow banding, vesiculation and auto-
brecciation also occur. The presence of corroded quartz 
phenocrysts distinguishes the rhyolites from the rare 
plagioclase phyric microtonalites. Quartz phenocrysts never 
occur in the absence of plagioclase phenocrysts and their 
volumes are approximately equal. The groundmass is everywhere 
fine grained but never glassy, probably devitrified. 
Recrystallized quartz and possibly albite form spherules with 
radial, concentric and/or sectored structures. The larger 
spherules develop microgranophyric texture. 
2.1.3.5 Contact Metamorphism 
The effects of contact metamorphism are wider,pread but 
insignificant in the development ox the Upper Plutonic 
Complex. They may be observed in two situations, the second 
rather unusual. The first situation is the intrusion of the 
sheeted dolerites by a large body of tonalite or gabbro. 
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Recrystallization to a hard dark grey hornfels containing 
clinopyroxene and plagioclase in fresh equant grains takes 
place in xenoliths and in a narrow zone around the intrusion. 
Once hornfelsed, dolerites generally resist further metamorphism. 
At a few localities a massive tonalite has been intruded by 
gabbro. The most notable effects are recrystallization of 
quartz into sutured grains and the formation of andradite 
garnet and diopside. (Allen £E. cit.). The assemblages and 
textures found in prograde contact metamorphosed rocks contrast 
strongly with the effects of the pervasive retrograde metamorphism. 
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2.1.4 Geochemistry 
2.1.4.1 Introduction 
Certain features of the overall geochemical distribution are 
significant. In general, the abundances of oxides and elements 
vary with petrography in a continuous and predictable way. The 
intrusive rhyolites overlap the trondhjemites to a great extent. 
The tonalites and Axis Sequence dolerites have similar ranges 
of potassium and the incompatible trace elements and both are 
more enriched in these elements than the gabbros. No dolerites 
are as iron-enriched as the magnetite gabbros. 
2.1.4.2 Metasomatism ,-.:. .;;;.;....;;,,;;.0_.......-.... __ ..... , .• -..... .... _ ... _ 
Although the correlation with primary petrology indicates the 
main variation trends are magmatic, secondary petrology shows 
that the more differentiated types have also suffered the 
most alteration. If metasomatism is quantitatively related 
to the intensity of alteration (proportion of secondary 
minerals) then it is likely to have had a differential effect 
on the chemistry of the various rock types. Some of the 
scatter on the variation diagrams is probably due to secondary 
processes but metasomatism may not just widen, it may modify 
or extend the original distribution. Therefore, it is 
necessary to consider possible alteration of each element before 
its magnetic variation. The techniques employed to do this 
and the assumptions involved were discussed in Section 1.3. 
Table 2.1.3 Major Element Ranges (wt%) 
Rock Type Gabbro 
No. Specimens 9 
Si02 48.2-S4.S 
Ti02 0.20-0.39 
A1 20 3 13.4-18.2 
Fe 20 3* 8.1-9.1 
MnO 0.11-0.16 
MgO 8.6-14.4 
CaO 9.6-14.7 
Na20 0.4-3.1 
K20 0.02-0.42 
P20 S <0.01-0.04 
Rock Type Tonalite 
No. Specimens IS 
Si02 62.0-73.1 
Ti02 0.23-0.96 
A1 20 3 12.0-1S.3 
Fe 20 3* 3.6-10.6 
MIlO 0.03-0.17 
MgO 0.S-1.9 
CaO 2.6-5.8 
Na20 2.7-5.6 
K20 0.06-0.68 
P20S 0.06-0.24 
Magnetite 
Gabbro 
3 
48.1-S2.1 
0.89-1. 88 
12.4-16.2 
13.S-1S.S 
0.19-0.24 
4.6-8.6 
6.6-11.6 
1.1-2.4 
0.13-0.80 
0.02-0.03 
Traldhjemite 
10 
71.0-77.0 
0.09-0.39 
11.6-13.7 
1.1-7.4 
0.01-0.09 
0.15-2.2 
1.6-6.6 
1.9-6.4 
0.08-0.68 
0.01-0.09 
Pegmatite 
Gabbro 
2 
49.9-S3.3 
0.45-0.29 
14.7-1S.61 
10.7-7.7 
0.19-0.10 
11,7-9.S 
12.4-13.4 
1.00-1.2 
0.07-0.14 
0.01-0.02 
Rhyolite 
S 
7S.6-80.9 
0.16-0.20 
9.8-13.1 
1.4-3.1 
0.01-0.04 
0.3-0.6 
0.5-3.0 
3.5-7.7 
0.02-0.37 
0.02-0.04 
Dioritic 
insitu vein 
1 
61.7 
0.79 
14.3 
3.9 
0.08 
3.2 
10.2 
2.5 
0.26 
0.09 
Table 2.1.4 Trace Element Ranges (ppm) 
Rock Type Gabbro 
No. Specinens 9 
Zr 6-24 
Y <1-12 
Nb <1-3 
Cr 52-351 
Ni 33-80 
Zn 13-51 
Ba 15-50 
Sr 26-108 
Rb <1-2 
Rock Type Tonalite 
No. Specinens 15 
Zr 32-120 
Y 17,:",55 
Nb <1-8 
Cr <1-5 
Ni <1-6 
Zn 13-63 
Ba 32-88 
Sr 69-152 
Rb <1-2 
*From Smewing 1975 
Magnetite 
Gabbro 
3 
8-18 
4-12 
<1-3 
8-71 
5-48 
71-99 
53-67 
61-84 
<1-4 
Trondhjemite 
10 
36-189 
3-80 
<1-9 
<1-9 
<1-4 
6-30 
<4-137 
50-160 
<1-2 
Pegnatite 
Gabbro 
2 
11-16 
5 -9 
<1-2 
59-113 
121-51 
64-29 
24-27 
67-77 
<1 
Dioritic 
insitu vein 
1 
38 
84 
<1 
7 
19 
20 
53 
157 
<1 
Rhyolite Dolerite Dolerite* 
5 5 25 
81-U2 21-70 9-94 
19-47 9-29 9-46 
<1-3 <1-3 
<1-7 U-256 54-173 
<1-3 13-66 16-76 
9-13 37-67 
<4-135 33-77 
34-157 72-150 
<1-4 <1-4 
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The frequent occurrence of secondary quartz suggests many 
plagiogranites have suffered secondary enrichment in 
silica and high values around and above 75% Si02 support 
this. There has been some loss of calcium in the plagio-
granites, especially in the trondhjemites. The majority 
of rocks with ~ss than 4% CaO are also stained pink by 
haematite. The redistribution of CaO and of Na20 are 
closely related and the loss of one is often matched by a 
gain in the other. However, some specimens have lost both. 
The usual case, a loss of CaO with gain of Na2 0, mimics the 
magmatic trend but can be distinguished by change 6f CaO/Na20 
ratio or by differing relative positions of analyses on, for 
instance, CaO V. Na20 and Zr v.Y binary diagrams. The scatter 
of potassium analyses and the very low values, particularly at 
high levels of Si02 , seems to indicate widespread potassium 
metasomatism. However, even specimens with pellucid plagioclase, 
which would be most likely to retain their primary abundance, 
have low K20 content, lower, in some cases, than more altered 
specimens. This suggests that potassium is not enriched with 
differentiation indeed, it may be depleted in the plagiogranites. 
This is discussed in Section 3.2.5. Rb only occurs in detect-
able amounts in a few of the more potassic specimens. sa can 
be enriched or depleted by metasomatism and its primary distribu-
tion is obscured. Sr is generally depleted and the greatest loss 
occurs in those rocks which also have low caO. Depletion of 
iron during hydrothermal metamorphism is closely related to the 
instabili ty o.f th e FeTioxides in greenschist facies conditions 
and their replacement by sphene. MnO and Zn are also depleted. 
Variations in the iron oxidation ratio, FeO/FeO+Fe2 0 3 , indicate 
there is a primary decrease with differentiation but that in 
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addition altered rocks are more 0xidised. However, two 
abnormally high values are related to the sporadic appearance 
of pyrite. There is much less variation in this ratio 
amongst the gabbros than the plagiogranites. There is no 
variation in the distribution of the other elements which 
is obviously related to secondary alteration. Except for 
Ba, variation due to metasomatic processes in generally less 
than primary variation. 
Although silica is secondarily enriched in some specimens, it 
is considered that its use as a differentiation index in this 
Section is justified because (i), except in epidosites and 
a few other highly silicic rocks, the silica content of the 
plagiogranites and gabbros correlates with other major oxides 
in a :way which is consistent with primary petrography and 
(ii) essentially the same variation trends are obtained using 
immobile in compatible trace elements (Zr, Y, REE) as independent 
variables, bearing in mind their partition into minor phases. 
2.1.4.3 Major and Trace Elements 
Most aspects of the primary geochemical distribution can be 
accounted for by crystal fractionation of a basic magma. 
The very low Zr and Y in the gabbros indicat~s they are composed 
of accumulated crystals with only a small proportion of 
interstitial liquid. The range or Zr and Y in the aphyric 
dolerites overlaps that in the tonalites. This indicates 
that ather some tonalites are also crystal cumulates or 
mushes or that the plagiogranites evolved from a less 
differentiated liquid than the most evolved dolerites. There 
is ~me evidence to suggest that most plagiogranites are not 
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dominated by cumulus crystals in the same way as the gabbros. 
The one plagiogranite specimen from the Troodos Massif which 
is unequivocally a fairly pure plagioclase cumulate has very 
high Al20 3 , caO and Sr, which is admitted to Ca sites in 
plagioclase and very low Y, which is not. (Taylor 1966, 
Lambert et al., 1974). Thus Sr, when compared to Y,is a 
sensitive indicator of plagioclase accumulation is unaltered 
rocks. Variations in Sr, Al20 3 and CaO in the gabbros do 
correlate with variations in modal plagioclase. However, as 
only a few plagiogranites have the combination of mild 
enrichment in Sr and Al20 3 and depletion in Y, the remainder 
are believed to approximate liquid compositions. 
Fe20 3* and Ti02 are progreSSively enriched in the dolerites 
but are depleted in the plagiogranites as a result of FeTioxide 
fractionation. Although there is some scatter about this trend, 
presumably due to variations in accumulation of Ti-rich phases, 
it appears that the least evolved plagiogranites have lower 
Ti02 content than the more evolved dolerites (Figure 2.1.4). 
Therefore the plagiogranites did not arise as the final stage 
in the evolution of the dolerites but developed from a similar 
parental magma along a completely different trend. The magnetite 
gabbros are enriched in Fe20 3* and Ti02 as a result of concentra-
tion in opaque phases. Mnt + is theoretically admitted to Fe2+ 
sites and in practice MnO follows FeD very closely. However, 
the magnetite 'gabbros are poor in MnO, which suggests little is 
accommadated by the FeTioxides. Zn Shows a positive correlation 
with MnO. 
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The distribution of CaO has an inflexion superimposed on the 
general decrease from the gabbros to plagiogranites which 
coincides with the cessation of clinopyroxene crystallization 
while fractionation of the other main ca-bearing phase, 
plagioclase, continues to deplete the melt in Ca. Na undergoes 
continuous depletion. The inflexion in the same position on 
the MgO trend is more acute as all the plagiogranites have 
very low MgO. The plagiogranites are generally leucocratic 
as a result of depletion in MgO and Fe20 3* and hornblende is 
constrained to a subordinate role as a fractionating phase, 
relative to plagioclase. P205 has an arched distribution, 
the maximum marking the onset of apatite fractionation in the 
plagiogranites. 
Zr increases with silica in the plagiogranites but the distribu-
tion is scattered. Comparison of Ti02/Zr, Ti02/Si02 and Zr/Si02 
diagrams indicates it is the Zr values which are most scattered, 
p~obably due to variable weak zircon fractionation. Similar 
scatter in Y is attributed to partition into apatite or sphene. 
Whereas the gabbros are rather poor in Zr and Y, with moderate 
to large Cr and Ni, the reverse is true of the plagiogranites. 
However, the dolerites show a gradation between high Cr and 
high Zr. The low abundance of Cr and Ni in the plagiogranites 
implies that they evolved from a parent which had already been 
depleted in these elements, by removal of olivine and the 
pyroxenes, cumulus phases in the gabbros. Hf, Nb, Ta and Th 
a.re present as a few Pl'm.. or less and appear to behave 
incompatibly. Sc has a positive correlation with FeC, a result 
f capt . 1 f F 2+ . 1 o ure 1n pace 0 e 1n pyroxene. (Wager and Mitche , 
1951). 
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2.1.4.4 REE Geochemistry 
Nine of the REE were determined in 18 samples from the Upper 
Plutonic Complex and related intrusive rhyolites. These 
samples vary from being virtually fresh to highly altered 
but the correlation between ~RE and Zr (Figure 2.1.5) 
suggests the RE as a whole have not been significantly 
mobilized during metamorphism. Most of the specimens are LRE 
depleted (Figure 2.1.6) and earlier workers have found this 
is characteristic of all units of the Troodas Massif, whether 
they are altered or not. (Kay and Senechal 1976, Smewing and 
Potts 1976, Allen 1975). However, some epidosites, not 
analysed for the RE, have small amounts of allanite which 
could indicate interphase redistribution of the RE during 
metamorphism. 
Kay and Senechal (1976) found RE abundances varied from 0.05 x 
chondrite in a harzburgite to 20 x chondrite in a quartz diorite. 
They considered the RE contents of gabbros and quartz diorites 
were consistent with an origin by low pressure crystal fractiona-
tion from a magma with the same RE profile as the overlying lavas 
and dykes. The low LRE content was indicative of the residual 
nature of the, harzburgite, a basaltic fraction having been 
removed by partial melting. 
A more d(~tailed study of the RE in basalts f~om the Troodos 
UAL and Axis Sequence lead Smewing and Potts (1976) to conclude 
, 
that the parent magma was derived tv incremental mantle melting 
beneath an oceanic spreading axis. Schilling (1971) had found 
that significant pre-eruption fractionation of olivine and 
orthopyroxene could take place without changing profile shape. 
-35-
Ultimately, removal of large amounts of plagioclase should 
cause a negative Eu anomaly and of clinopyroxene an 
increase in La/Sm. The existence on Troodos of basalts 
with a range of depletion in Sm+Eu+Tb relative to Tm+ 
Yb+Lu was therefore taken to indicate variations at source 
rather than in the magma chamber. 
various authors have published phenocryst/liquid partition 
coefficients for most of the RE (Figure 2.1.8). (Schnetzler 
et al., 1968, 1970, Nagasawa ~ al., 1971, Arth, 1976, Arth 
and Barker 1976). Their findings suggest that in general 
a particular coefficient is critical upon liquid and crystal 
, 
composition and may vary considerably. In addition, minor 
phases such as apatite and zircon may exert a disproportionate 
influence on RE content. The Axis Sequence rocks have no 
significant Eu anomaly whereas the plagiogranites usually 
have negative Eu anomalies. The gabbros may either have a 
slight positive or no Eu anomaly. The similar chemical 
behaviour of the RE arises because their ions are of very 
similar size and are all normally trivalent. However, Eu 
can also exist as a divalent ion and is thus partitioned into 
crystal phases in a more variable wa~ Of the common primary 
phases found in the Upper Plutonic Complex, plagioclase is 
the most significant in this respect. It accommodates Eu 
in preference to the other REE, the effect being enhanced in 
more acidic liquids (Arth, 1976). The anomalous entry of Eu 
into plagioclase is greatest in more sodic plagioclase 
(Schnetzler and Philpotts 1970). The Troodos magma precipitated 
highly calcic plagioclase until the appearance of plagiogranites 
and so the Axis Sequence dolerites have only small (or absent) 
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negative Eu anomalies. Small positive Eu anomalies in some 
gabbros are attributed to plagioclase accumulation. 
Hornblende fractionation in the gabbros could have a similar 
effect but hornblende is not a common primary phase in non-
pegmatitic gabbros. 
The ~ RE content increases from the gabbros into the doleri tes 
and mctabasalts and also rrom gabbros to plagiogranites. There 
is considerable compositional overlap of the dolerites and 
plagiogranites. The least enriched or the plagiogranites, a 
tonalitic segregation enclosed in gabbro, (TM139 and TM140) 
has a slight negative Eu anomaly which corresponds to a possible 
slight positive anomaly in its host. By analogy with TM139, it 
appears that the plagiogranite magma has the same RE profile as 
its immediate parent but with a superimposed negative Eu anomaly. 
This is increased by fractionation of sodic plagioclase in the 
plagiogranites. Five or the specimens, trondhjemites and 
rhyolites, are LRE enriched and thus do not conform to the type. 
(Figure 2.1.7). Moreover, GAll and GA.14 have "dished" profiles. 
i.e. both LRE and HRE are enriched relative to Sm, Gd and Tb. 
GK2 and GA8 also have Ce values which are anomalously high 
relative to the type. However, both values approach the 
practical detection limit and so the anomaly is attributed to 
analytical error. In the group of five, however, Nd is enriched 
consistently with Ceo The LRE are mobile in some hydrothermal 
r0gimes (Wood 1977) but Cc anomalies attributed to alteration of 
sea floor basalts are negative (Frey ~ al., 1974). Moreover, 
the five rocks are the most leucocratic of the specimens 
analysed for the RE and therefore it is considered that the 
fla ttened and dished profile·s are due not to al tera tion or 
analytical error but are the result of fractional crystallization. 
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Removal of either hornblende or apatite from a LRE depleted 
liquid would deplete it in LRE but also, because the 
partition coefficients are generally higher for the middle 
range of lanthanides (Figure 2.1.8), the profile would 
progressively flatten and then become dished. However, it 
should also develop a positive Eu anomaly. In practice, of 
the five, only GA17 has a slight positive anomaly and ~P, 
GAl6 and GAll all have marked negative anomalies. This is 
attributed to the superimposed effect of plagioclase fractiona-
tion. Plagioclase dominates the other primary phases volumetri-
cally and thus it is able to offset the fractionating effect of 
hornblende and/or apatite on Eu. However, quantitative analysis 
would be required to determine the relative propo-rtions of these 
three phases which would produce such an effect. 
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2.2 The Semail Nappe 
2.2.1 Introduction 
The Sultanate of Oman lies on the eastern side of the Arabian 
Peninsula. In the north, its topography is dominated by the 
narrow, arcuate chain of the Oman Mountains which runs the 
length of the Gulf of Oman, rising to 2980 m. on Jebel Akhdar 
(Figure 2.2.1). It is widely and currently accepted that the 
Oman Mountains are a series of olistotromes and similar 
deposits emplaced in a trough on the Arabian continental margin 
during the last half of the Cretaceous. The uppermost major 
unit of this allochthon, the Semail Nappe, is a complete 
ophiolite, probably the world's largest, with an estimated 
3 
volume of 30,000 km. , an outcrop length of 450 km. and width 
of 50 to 70 km. (Glennie 2.1 al.·, 1974, Coleman 1977). 
Geological research in the area has a long but spasmodic 
history. The earliest mention of "The Basic Igneous Series 
of Oman" is by Pilgrim (1908) and that of "The Semail Nappe" 
by Lees (1928). Research was continued after the Second World 
War, particularly by geologists of the Iraq Petroleum Co. and 
Petroleum Development (Oman) Ltd., (e.g. Hudson 2.1 !!., 1954, 
Tschopp 1967, Wilson 1969, Reinhardt 1969). This work 
culminated with the publication of reports in 1973 and 1974, 
including a geological map of the Mountains (:500,000), by 
Glennie ~ al •• The first description of the Semail ophiolite 
was by Reinhardt (1969), this was considerably expanded by 
Glennie.!:! ~., (1974) and it has recently been studied in 
d(~tail by research teams from the Open University and the 
U.S.G.S./University of california. This summary of the 
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structure and regional setting of the ophiolite is based 
on Glennie et al., (£E. cit.) but takes account of the 
largely unpublished findings of recent studies. 
Coleman 1977, Smewing et al., 1977). 
(e.g. 
The allochthonous formations of the Oman Mountains were 
emplaced on top of a thick sedimentary autochthon. This is 
nainly a shelf carbonate sequence, The Hajar Super-Group, 
with continental edge and slope deposits, The Sumeini Group, 
both deposited on the pre-Permian crystalline basement during 
mid-Permian to Cenomanian times. This autochthon is overlain 
by the Hawasina Formation, olistostromes of unmetamorphosed 
deep water marine sediments; turbidites and radiolarites, with 
pillow basalt, of the same age span as the autochthon. The 
Semail Nappe, which was emplaced over the Hawasina, is interpreted 
as a relatively undeformed slice of the oceanic lithosphere more 
than 15 km. thick derived with the sediments from the northeast. 
After emplacement of the Semail, shallow-water limestone sedimenta. 
tion was re-established during the upper Maestrichtian and early 
Tertiary. Irregular but spectacular uplift of the Arabian 
continental margin started in the mid-Tertiary and appears to 
have continued to the present. A calculated 3 to 5 km. of 
vertical uplift occured during the last 20 my_ In the northern 
Mountains, which is the structurally simplest area, the 
originally horizontally disposed units of the ophiolite are now 
inclined at between 10° and 30° to the east so that the 
structurally lowest units crop out to the west ~d are 
progressively replaced eastwards by higher units. 
and Figure 2.2.2). 
(Table 2.2.1 
The metamorphic sheet which now occurs in thin thrust slices 
Table 2.2.1 
Upper Pillow 
Lavas 
Axis 
Sequence 
Upper 
Plutonic 
Complex 
Cumulate 
sequence 
Mantle 
sequence 
Stratigraphy of Semail Ophiolite 
Nomenclature after Smewing et.al. 1977 
Lithology after Glennie et.al. 1974 
Dominantly metabasalts, pillowed, 
massive or brecciated. Rare 
rhyolites. Interbedded pelagic 
sediments. Massive sulphide deposits. 
Sheeted dolerite dykes, some quartz 
porphyrys. Lavas and dykes 
metamorphosed at zeolite or greenschist 
grade. 
Vari textured gabbros, plagiogranites 
Metamorphosed at greenschist and 
lower amphibolite grade. 
Varied cumulate gabbros passing down 
into cumulate peridotites. Complex 
intrusive relations and agmatites. 
Chromititepods towards base. 
unmetamorphosed 
Massive harzburgite, with minor 
dunite, chromitite, plagioclase 
lherzolite. More or less serpentintized, 
especially towards base. Local tectonic 
fabrics. Intruded by occassional 
pyroxenite, gabbro and plagiogranite 
dykes. 
Table 2.2.1 Stratigraphy of Serail Ophiolite (continued.) 
Metamorphic Sediments of the Hawasina Formation, 
Sheet metamorphosed to greenschist 
and garnet amphibolite grade, in 
slices up to SOm thick. 
Figure 2.2.2 Diagramatic cross-section through the Semail ophiolite 
After Glennie et al. 1974,Smewing et al. 19n 
Not to scale 
,/ / 
\ -
----....;::=-- -- /' 
A Metamorphic sheet and mylonitized serpentinite 
~ Harzburgite and dunite 
C Layered peridotite and gabbro 
1) Varitextured gabbro and plagiogranite 
E Sheeted Intrusive Complex 
f Pill ow lavas 
G-Thin shales and mudstones (above and within lavas) 
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beneath the ophiolite is believed to have been formed when 
the hot ophiolite was first emplaced on the Hawasina sedi-
ments. This sheet is cut by irregular veins of aplite, 
K-feldspar and mineralized quartz (Alleman and Peters, 1972) 
which are probably related to partial melting of the 
metamorphites. However, the small volume of these veins 
and their localization at the sole of the nappe beneath upto 
12 km. of massive harzburgite implies that the metamorphic 
products and processes could not have contributed to the 
formation of the plagiogranites within the nappe. 
2.2.2 Field Relations and Petrography of Plagiogranites 
Plagiogranites are found in several different parts of the 
Sernail ophiolite sequence. They occur as (i) large sub-
horizontal sheets, at the top of the plutonic sequence, (ii) 
their intrusive equivalents in the Axis Sequence, (iii) diffuse 
pods within varitextured gabbro, (iv) intrusive bodies in the 
plutonic complex, (v) extrusives and (vi) large, steepsided 
stocks. 
The sub-horizontal sheets are the most important volumetrically, 
except for the stocks, and occur at the boundary between the 
dyke swarm and the gabbros. Several well exposed examples 
indicate these sheets are up to about 1 km. across but laterally 
discontinuous and less than 100 m thick. Th~ upper margin of 
the sheet intrudes the base of the sheeted dykes, which are 
hornfelscd over a short distance, although the plagiogranite is 
not chilled. Dolerite xenoliths occur in the granite and acid 
veins penetrate the dolerite. In detail, the intrusion has 
vertical sides and a stepped roor, controlled by the planar 
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structure and orthogonal jointing of the dyke swarm. Locally, 
plagiogranite and gabbro melts have been intruded along major 
faults to higher levels in the dyke swarm, (Smewing et al., 1977). 
The intrusive relationships within the dyke swarm and between 
the swarm and the plutonics are essentially the same as on 
Troodos. (Section 2.1.2.5). The plagiogranite sheets pass 
sideways and downwards into varitextured gabbro. The complex 
boundary zone, composed of diorite and leuco gabbro, is thinner 
than the plagiogranitc and is sometimes cross-cut by acidic 
and basic veins and dykes. Crenulated basic inclusions chilled 
on the granite, but backveined by it were found at one locality. 
These are comparable to the structures found at palekhori, on 
Troodos (Section 2.1.2.2) and are likewise interpreted as basic 
liquid injected into a fluid plagiogranite. Rarely, intrusive 
veins are composed of a similar mixture of two liquids. 
Oman plagiogr~nite is petrographically inhomDgeneous, probably 
for the same reasons proposed in Section 2.1.2.2. (Table 2.1.1). 
In the best exposed large sheet at the intersection of Wadi Fizh 
with the base of the dyke swarm, there is an overall gradation 
from diorite at the base upwards into trondhjemite, which forms 
the bulk of the intrusion. Generally, the primary mineralogy of 
the plagiogranites and gabbros is very similar to that on 
Troodos (Table 2.2.2). Hornblende, the primary mafic phase in 
the large plagiogranite bodies, is of variable composition, 
judging by its colour. Pyroxene is not seen in quartz-rich 
rocks. Indeed, primary hornblende appears to be more widespread 
than on Troodos, frequently appearing in gabbros. 
At the Wadi Fizh locality foliated quartz diorite occurs towards 
Table 2.2.2 
Rock 
Type 
Vari textured 
gabbro 
Plagio-
granite 
(in large 
sheets, 
intrusive 
or insitu 
veins. ) 
Summary of petrography 
Primary 
Petrography 
PI, cpx + hnd + opx Acc 
Op, Oz. Med to v coarse 
Alteration 
Some sause 
Fibrous pale green 
grained, very variable. PI amph replaces cpx 
is enhedral to anhedral, and hnd. Minor'sph. 
weak or strong zoning. Hnd, after OPe + chI. 
green and/or brown, 
in~stitial, subhedral or 
rims cpx. 
PI, qz, hnd~ Acc Op,sph, 
zrc, ap.AII in variable 
proportions. (Diorite 
to trondhjemite) • 
Leucocratic, med. to 
fine grained. PI is 
euhedral to subhedral, 
zoned or unzoned, 
rarely aligned, Qz, 
interstitial,granophyre 
common, often 
continuous with zoned pl. 
Hnd interstitial. 
PI is turbid and 
patchily albitized. 
Ab in zoned rims and 
granophyre. Minor 
secondary qz. Mats 
of fibrous amph. 
after hnd, often with 
assoc.fine op + chI 
+ ep + cz :!: prh + 
sph + ha + cal. 
Table 2.2.2 
Rock 
Type 
Feldspathic 
veins 
Aplite 
veins 
Rhyolite 
(continued) 
Primary 
Petrography 
Pl, hnd. Acc Qz,sph, 
ap, OPe Med. grained, 
unzoned subhedral pl. 
Very leucocratic 
PI, qz. Acc Biot, zrc, 
ape Rare garnet. Very 
Alteration 
Saus, prehn, common. 
+ fibrous amph + cz 
+ cal ± chl + ep. 
Often cataclastized. 
Saus. Chl, after 
biot. Rare zoisite. 
leucocratic, med. to Ep. 
fine grained, usu.with 
granophyre. Rarely zoned. 
Pale brown glass. Small Minor alteration of 
amount of pl, qz + OPe 
microphenocrysts. 
Perlitic fracture. 
Weakly vesicular. 
Felsites mostly 
irresoluable. 
glass along fractures. 
Zeolite in vesicles. 
,'I ' , I 'II ' il) f) 01 ' r;ub-hoT'L7.0Iltal plllg ioe; I'illlit ' ~ ;h ('1" 
""/ [ld' ] / 1 /'.h , Ornnn . IJlrondhjemi te intrudes and is intruded 
by dolerite dyk "' . Dark gr y hornfels on lef cont:::-asts 
wi h medium grey dolerite in centre . 
') Ln ~ 11 ) 1):11 u;r 'y e;, bbro (c en l' ) ',- int l'uded by 
::c'vc'r'nl bl1I'J' - olourcd dolerite dyk ..... . Gabb 0 and 
do' ('r'it(' :lr ' (' rosf, - ut by hi ,1- trondhj mit veinc::: . 
Wncl i ,J'iy,yj , Ornnn . llnmm r h ad i.s ' I, cm . loll • 
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bottom of the very well exposed plagiogranite sheet. The 
foliation is caused by the alignment of euhedral plagioclase, 
apparently during crystal settling on the floor of the small 
magma chamber. The accumulated crystals developed intercumulus 
zoned rims and some of the widest rims enclose the smaller 
cumulus crystals. Quartz, hornblende,Apatite and opaques are 
also intercumulus phases. These rocks pass downwards into 
varitextured gabbros without cumulus textures. This agrees 
with the model suggested by field relations; that the 
plagiogranites crystallized from a pool of residual liquid lying 
on essentially solid gabbro, below a solid dyke swarm roof. 
The metamorphism of the plagiogranites and gabbros is of a 
similar style to that of Troodos. As on Cyprus, the more 
leucocratic rocks have the greater percentage and ~riety of 
secondary minerals. At Wadi Fizh, epidote is very irregularly 
distributed through the intrusion. It does not occur in the 
basal diorites and tonalites and only appears in quantity· in 
the trondhjemites. In one place epidote-rich trondhjemite 
intrudes epidote-free tonalite (Plate 16). Dyke margins and 
joints are frequently loci for epidotization, indeed, it 
rarely occurs in the absence of late dolerite dykes. As on 
Troodos, th(~ strong localization of epidote suggests its 
[ormation depends on chemical variation, especially volatile 
concentration, rather then PT conditions. In situ veins are 
usually seen in outcrops of varitextured gabbro close to the 
top of the plutonic sequence but also occur within gabbro 
pegmatite dykes intruding layered gabbro. They are randomly 
oriented or en echelon leucocratic pods or veins, often 
several metres long but less than 50 cm. wide. The leucocratic 
material can be feldspar-rich or quartz-rich and is typically 
Plat e 16 Trondhjemite with epidote blotches intrud es 
epidote-free tonalite . (Tonalite is at top-c entre 
and bottom of plate . )Both are intruded by dolerit e 
dykes . Note late epidote growth along lower dyke 
margin . Lenscap (5cm. diam. )lies on intrusive m rgin . 
LJl1-l t . 17 ])ctail of intrusive margin at bottom centre 
n I' 1)1 (tc 16 . Lat e epidote along minor joints . \-Jadi Fizh , 
()m: I tl • 
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heterogeneous. The veins,which do not enclose gabbro 
xenoliths, grade rapidly into the gabbro via a diffuse 
margin which is often coarse grained. The field 
appearance of these veins suggests they are in situ segrega-
tions of residual liquid. They are composed of saussuritized 
plagioclase laths, with interstitial quartz and hornblende 
and a variety of secondary greenschist facies minerals. 
However, in the gabbro host, the feldspar often remains 
fresh and only small amounts of epidote and chlorite appear. 
Leucocratic intrusive bodies in the plutonic complex, veins 
and dykes, are usually characterized by well-defined, angular 
margins but there is a gradation to diffuse margined types. 
There is also a range in shapes and sizes from simple narrow 
fracture infillings to wide complex zones of netveining or 
agmatite with numerous, partly assimilated xenoliths. Veins 
and dykes are commonly found in varitextured or layered 
gabbro, predating any dolerite dykes. They have no consistent 
regional orientation. Three distinct petrographic types; 
microgranitic, feldspathic and aplitic (Table 2.2.2) are found 
in the intrusive plagiogranite veins. The aplite veins are 
occasionally zoned but have no marginal chilling. Cataclastic 
textureS frequently appear feldspathic veins and less commonly 
in microgranitic ones, indicating they were emplaced in a 
tectonically active regime. Xenoliths of gabbro are cammon 
and some have been plastically deformed. Biotite appears in 
the aplite~. 
Garnctifcrous granitic veins are described from the upper 
peridotite by Alleman and Peters (1972). Garnet was found 
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at one locality during the present study, in a concentrically 
zoned aplite vein intruding pyroxene gabbro. The margins of 
this 30 cm. thick vein are fine equant quartz and albite with 
acicular amphibole, chlorite and biotite, grading inwards to 
graphically intergrown quartz and feldspar; the texture is 
elongate radially. Discontinuous quartz pods in the centre 
of the vein are associated with euhedral red garnet, mats 
of chlorite and radiating acicular epidote with minor zircon 
and sphere. The garnet which is partly replaced along 
fractures by chlorite and quartz, has a composition close to 
60% spessartine, 40% almandine (Table 2.2.3). Garnets are 
widespread but rare in pegmatites and aplites (Hsu 1968) but 
have not been described from other ophiolites. The field 
occurrence and chemical composition of the garnet leave no 
doubt that it is primary and was formed in situ. Metamorphic 
garnets from ophiolites are manganese poor. (Table 2.2.3) 
Hsu (22. cit.) not~d that there is no physical constraint 
which would inhibit spessartine crystallization from magmas, 
chemical composition being the decisive factor. The presence 
of garnet can therefore be attributed to a local concentration 
of manganese (and iron) during the ordinary development of a 
residual fluid. 
The field relationships within the Semail dyke swarm are the 
same as in the S.l.C. on Troodos (Section 2.1.2.3). Metadolerites 
are the most common rock type and many of these have secondary 
silica enrichment but silicic porphyry dykes and stocks also 
occur (Glennie a!!., 1974). Other acidic dykes, usually 
intruding low levels of the dyke swarm, are fine grained 
.. 
, , i 
" ~ ~_\j.,~. r.' 
-JI 
:4 ' . 
. , 
l)l ll t ' 18 :6on d aplite vein . Equigranular margins , 
granophyric interior and quartz pod with single 
euhedr 1 garnet in centre . Vein is 10 to 20cm. thi ck . 
Sp c imen OM 30g0 , Wadi Fizh , Oman . 
Table 2.2.3 Garnets from ophi~lites 
A B C 
Si02 36.0% 38.6% 36.8% 
A1 20 3 19.8 21.6 
4.4 
MnO 26.0 1.2 0.3 
FeO 17.5 23.6 24.0 
CaO 0.1 11.3 32.2 
MgO 0.5 4.8 
Ti02 0.4 0.1 0.3 
Total 100.3* 101.2* 98.0 
Spessartine 60.5 
Almandine 40.7 
Pyrope 0.2 
101.4 
A-OM3090 Aplite vein - Semai1 Nappe 
Average of nine analyses 
B-OM902 Metasediment from metamorphic sheet 
beneath Semail Nappe 
C-T37l Trondhjemite, contact metamorphosed 
by gabbro intrusion - Troodos Massif, Cyprus. 
Average of two analyses, from Allen (1975) 
* oxygen by difference 
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equivalents of the massive sheets at its base. 
The Semail extrusives are nearly all basaltic or metabasaltic 
pillowed or massive lavas and breccias, orten crosscut by 
dykes and sills of similar composition. Acidic intrusives 
and lavas were found in one area towards the top or the 
mapped lava outcrop a rew km. south or Wadi Jizzi (Figure 
2.2.1) and others in a similar structural position have 
been located north or that Wadi. They are hard pale yellow 
to red brown relsites intimately mixed with a small propor-
tion or dark grey glass. Typically, the relsites have narrow 
(10-20 em.) columnar joints but some are autobrecciated. 
Preliminary rield studies suggest that these rocks are related 
at depth to the larger plagiogranite bodies. Their spatial 
coincidence with a known zone or sulphide mineralization is 
probably chance, although the same rracture system could have 
acted as channels for both the silicic melt and the mineraliz-
ing fluids. Recent rieldwork (winter 1977/1978) by the 
Open University Oman research team suggests, as ~t inconclusively 
that the acidic extrusives postdate the mineralization. Members 
or the team have also round large trondhjemitic stocks invading 
the gabbros and dyke swarm at depth beneath the same zone or 
mineralization. Plagiogranite in stocks, rather than in 
subhorizontal sheets, appears to be typical or island arcs. 
(Section 2.6).but no geochemical analyses or the stocks are 
\ 
iwailable to test their affinity. 
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2.2.3 Geochemistry 
2.2.3.1 Metasomatism 
With the exception of two pyroxene gabbros and one of the 
glassy rhyolites none of the analysed specimens were fresh, 
i.e. had less than 5% secondary minerals. As in the previous 
section on the geochemistry of Troodos plagiogranites (2.1.3), 
metasomatic alteration is considered before the primary 
variation trends. 
Similar reasoning to that outlined in Section 1.3 suggests 
that there is minor enrichment in silica among some of the 
trondhjemites and dolerites which is, however, insufficient 
to affect the overall primary distribution. A few plagiogranites 
are mildly depleted in iron. The wide range in Na20 values 
suggests that enrichment generally accompanies albitization but 
a few individuals have abnormally low values. Sr and Sa are 
also generally enriched. The uniform low levels of K20 and 
some very low levels (0.01 or less) suggest this element is 
thoroughly depleted during metamorphism and that the primary 
distribution has been obscured. However, although the aplites, 
the most differentiated liquids, are saussuritized, they cross-
cut gabbro which is itself unaltered. Therefore they are 
presumed to have been "insulated" from circulating hydrothermal 
fluids. In spite of this, the aplites all have very low K
2
0, 
which is therefore taken to be the primary content. More 
extreme metasomatism takes place during epidotization when 
there appears to be a slight gain in 5i02 and loss of Fe2 0 3*, 
MnO, Zn, K2 0 and Sa. It is interesting to note that Sa 
seemingly behaves in an opposite way during greeschist style 
Table 2.2.4 Major Element Ranges (wt%) 
Rock Type Gabbro Dolerite Insitu vein* Tonalite 
No. Specimens 7 17 3 4 
5i02 48.5-55.0 48.3-57.7 57.6-73.0 58.7-65.6 
Ti02 0.14-1.59 0.35-1. 89 0.31-0.48 0.44-1.30 
A.I20 3 10.3-15.3 11.6-17.6 13.7-17.4 13.3-14.8 
Fe20 3* 7.3-12.5 6.3-13.8 1.5-5.3 5.9-10.1 
MnO 0.12-0.16 0.07-6.25 0.03-0.07 0.06-0.23 
MgO 5.9-15.5 4.4-9.2 0.6-1.9 1.2-3.9 
CaO 7.3-16.2 4.4-15.3 1.4-8.8 3.0-5.8 
Na20 0.4-4.6 2.2-5.0 5.6-7.9 4.7-6.9 
K20 0.02-0.21 0.04-0.50 0.01-0.2 0.15-0.40 
P205 <0.01-0.12 0.01-0.25 0.05-0.13 0.15-0.49 
Rock Type Troodhjend.te Epidosite Rhyolite Aplite 
No. SpeciJrens 2 4 2 4 
5i02 71.5-75.6 67.0-71.8 79.1-70.4 73.0-77.4 
Ti02 0.27-0.38 0.40-0.87 0.22-0.26 0.08-0.31 
A120 3 U.8-15.2 11.6-13.9 9.7-10.9 13.0-13.3 
Fe20 3* 1.5-3.2 1.9-3.5 3.7-4.9 0.5-2.4 
MnO 0.01-0.03 0.03-0.06 0.14-0.11 0.01-0.03 
MgO 0.3-1.1 0.8-1. 7 0.5-0.3 0.1-1.3 
CaO 1.9-3.9 3.7-5.5 1.3-4.7 0.7-3.0 
Na20 5.6-6.7 4.4-8.3 3.6-1.7 4.9-8.3 
K20 0.06-0.31 0.01-0.07 0.83-0.75 0.02-0.16 
P20S 0.03-0.08 0.09-0.26 0.03-0.02 0.01-0.04 
*Range fran Qlart:z dioritic to tra1dhjem1.t1c 
Table 2.2.5 Trace Element Ranges (~ 
Rock Type Gabbro 
No. Spec.inens 7 
Zr 2-95 
Y 3-34 
Nb <1-5 
Cr 2-1063 
Ni <1-144 
Sr 61-213 
Ba 8-63 
Rb <1 
Zn 7-50 
Rock Type Tradhjem1 te 
No. Specimens 2 
Zr 313-497 
Y 46-76 
Nb 3-5 
Cr 4-9 
Ni <1 
Sr 77-104 
Ba 65-102 
Rb <1-1 
Zn <1 
Dolerite 
17 
16-153 
11-46 
<1-5 
3-186 
<1-90 
44-567 
28-82 
<1-2 
3-108 
Ep1dcBite 
4 
180-270 
51-63 
2-6 
4-7 
<1-2 
66-128 
18-49 
<1 
<1-5 
Insitu Vein 
3 
114-401 
10-40 
2-3 
4-8 
<1-4 
54-152 
15-77 
<1 
<1-5 
Rlyolite 
2 
107-138 
32-40 
3 
3-6 
<1 
67-321 
148-107 
12-20 
37-60 
Tonalite 
4 
122-243 
41-68 
4 
2-30 
<1-12 
109-190 
46-93 
<1-1 
3-36 
Aplite 
4 
40-140 
5-35 
1-3 
7-35 
<1-4 
18-111 
20-75 
<1 
<1-7 
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metamorphism and epidotization. Other metasomatic variation, 
if pres~nt, cannot be distinguished £rom primary variations 
such as minor differences in mode. 
2.2.3.2 Major and trace elements and magmatic evolution 
The elements behave in a very similar manner as in the Troodos 
suite and their distribution can be accounted for by a similar 
scheme of crystal fractionation from a basic magma. Accumulation 
of two pyroxenes, calcic plagioclase and olivine (the cumulate 
phases in the gabbros) gives rise to incompatible-impovrished 
gabbros which are enriched in MgO, Cao, Cr, Ni and, where 
plagioclase dominates the mafic phases, Al2 0 3 0 The evolving 
liquid, which fractionates these phases, represented by the 
(aphyric)dolerites, has progressively increasing 5i02 , Ti02 , 
Fe20 3*, Na20, Z Y OdS r, ,P2 5 an r. The more differentiated 
dolerites are also strongly depleted in Cr and Ni. Dolerites 
which crosscut plagiogranites can be ~ither primitive or 
evolved types. The iron-enrichment of the dolerites contrasts 
with the silica.-alkali enrichment in the plagiogranites. 
These seem to evolve from moderately differentiated basic 
magmas by FeTioxide fract~onation, indeed a few of the dolerites 
ar~ depleted in Ti02 and iron relative to other differentiated 
doleriteso 
The aplites and rhyolites represent the extreme of silica-
alkali enrichment. They are depleted in Zr and Y relative to 
the trondhjemites. The depletion is presumed to occur when zircon 
(Zr), apatite (Y) and perhaps sphene (Y) appear as fractionating 
phases. The rocks have, as a group, the characteristics expected 
of ultimate residua; the aplites Occur in complex networks and 
Figure 2.2.3 Variation diagrams Semail Nappe 
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appear to have been volatile rich on emplacement and thus 
highly mobile. Common granophyric textures in veins and 
abundant vesicles in the acid extrusives support this 
contention. The aplites are very poor in Ti02 , Fe20 3*, 
MnO, Cr, Ni, Zn, MgO, caO, P20S' Sr and sa relative to the 
trondhjemites although occasional spessartine-almandine 
garnet indicates at least local concentrations of MnO and 
iron. The rhyolites are, in addition, poor in A120 3 but are 
richer in K20, MnO, Zn, Ba and Rb than the trondhjemites and 
so do not appear to be equivalent in composition to any 
intrusive rocks. Mild alkali enrichment is typical of island 
arc plagiogranites (Section 2.6) and it is possible that the 
rhyolites represent arc-related magmatism. However, there is 
no firm field evidence to support this proposal. 
2.2.3.3 REE Geochemistry 
Nine specimens which were analysed for major and trace elements 
were also analysed for the REB. (Figure 2.2.4). The tonalite 
and epidosite are from different parts of the same kilometre-wide 
sheet and the RE-rich gabbro is from just beneath it. The 
in situ tonali tic vein is from one of the RE-poor gabbros. The 
--
aplite vein intruded an unmetamorphosed pyroxene gabbro. The 
behaviour of the REE approximates that of Y. (Figure 2.2.5). 
They are progressively enriched relative to Si02 , except in 
the aplite and possibly the epidosite. 
The two dolerites have the same RE abundance and similar LRE 
depleted profile with possible slight positive Eu anomalies. 
Such anomalies could be due to accumulated plagioclase but 
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both dolerites are uniformly fine grained with, in one 
specimen, sparse small clinopyroxene phenocrysts. However, 
clinopyroxene/melt partition coefficients for Eu are 
anomalously low (Figure 2.1.8) and so the removal of 
pyroxene would leave a melt richer in Eu than Sm or Gd. 
Clinopyroxene fractionation should also increase the Ce/Sm 
ratio in the melt. (Schilling 1971). Although the RE-rich 
gabbro has l: RE slightly greater than the two doleri tes it 
has a lower Ce/Sm ratio and no Eu anomaly suggesting that 
,-:lincpyroxene fractionation was less extreme in the gabbro. 
Other immobile trace element data suggest that these three samples 
represent differentiated basic liquids. Therefore these RE data 
only provide general indications of the likely RE content of the 
primitive basic magma. The most undifferentiated profile type, 
in fact the only one without an Eu anomaly, is that of the RE-
rich gabbro and this is taken as the closest approximation to 
the profile shape of the primitive magma. Extrapolation of 
RE abundances to levels expected in the least evolved of the 
analysed dolerites (based on Zr, Y and Cr content) suggests 
the primitive magma had not more than ax chondri tic RE 
abundance. However, it probably had greater Z RE than the 
RE-poor gabbros. 
It was suggested earlier that the low abundance of Y, Zr and 
Ti02 in the gabbros was a result of being largely composed of 
cumulate crystals. Their RE content is consistent with this 
interpreta tion. As well as having a smaller Z RE than the 
dolcrites, they both have la.rger pos'itive Eu anomalies and 
one is more LRE depleted. These features can be explained if 'the 
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RE content of the intercumulus liquid is arerwhelmed by 
the prescence of RE poor, Eu-rich cumulus plagioclase and 
RE poor, LRE depleted cumulus pyroxene dominating the RE 
content of the rock. The in situ vein also has a positive 
Eu anomaly and so is probably a plagioclase crystal mush. 
The tonalite and epidosite have flat profiles, like the 
dolerites but with distinct negative Bu anomalies which 
are Qiagnostic of feldspar fractionation (Section 2.1.4.5). 
The epidosite has half the phosphorous content of the tonalite 
and the slight cha.nge in pro£ile shape £rom one to the other 
could be attributed to apatite fractionation, this phase 
having large partition coe£ficients (Figure 2.1.8). However, 
there is a possibility that P205 depletion and the dif£erences 
in RE profile in the epidosite are metasomatic but quantitative 
analysis VDuld be required to clarify this point. 
The influence of apatite fractionation can be seen' in the 
di£ference in RE profiles of the tonalite and aplite. Ignoring 
Eu, it is appar{mt that both LRE and HRE in the aplite are 
somewhat enriched relative to Sm, Gd and Tb. This dished 
profile and the L RE depletion relative to tonalite can be 
attributed to apatite (or possibly, hornblende) fractionation 
b(~cc"iuse both minerals take up the "middle range" lanthanides in 
preference to others. Extreme plagioclase fractionation is 
suggested as the cause of the huge negative EU,anomaly in the 
aplite. The lack of Eu could possibly be due to metasomatism 
but because the rock has no Ce anomaly and it is enclosed in 
unaltered gabbro, this is considered unlikely. 
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The REE distribution in the nine analysed specimens appears 
to be consistent with the previous interpretations of field, 
petrographic and geochemical data although requiring 
q:l<lntitative analysis for a more rigorous application. 
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2.3 Smartville Block 
2.3.1 Introduction and Regional Geology 
The geology of the Sierra Nevada, in the western U.S. 
Cordillera, is dominated by a huge late Mesozoic calc-
alkaline granitic batholith. The Mesozoic and Palaeozoic 
metasedimentary and metavolcanic country rocks are exposed 
only on the fringes of the mountain chain. In california, 
the Sierra Nevada is overlain to the west by the undeformed 
Upper Cretaceous to Recent sediments of the Great Valley 
and to the north by the Tertiary volcanics of the Cascades 
(Figure 2.3.1). 
The Smartville Block, which is up to 30 km. wide and 80 km. 
long, lies along the northwestern foothills of the Sierra 
Nevada, about 75 km. northeast of Sacramento. It was 
delineated on geophysical evidence and n.amed after a township 
on the Yuba River by cady (1975). The Smartville area was 
originally mapped by Lingren and Turner (1895; Geologic Map 
of California, Chico and Sacramento Sheets, 1965) who recorded 
basic metavolcanic rocks of Triassic to Jurassic age, intruded 
by large granite and gabbro plutons. Recent reappraisal 
suggests the "metavolcanic rocks" are an ophiolite deformed in 
a gentle antiform with a north-south axis. (Figure 2.3.2) 
f 
(Schweickert and Cowan 1975). Volcanic rocks are exposed on 
ea.ch flank and plagiograni tes and gabbros along the centre of 
the structure. A dyke complex separates the volcanics and 
plutonics. In contrast to the extensive plutonic.sequences of 
complete ophiolites (Section 1.2) there are very few exposures 
of cumulate gabbro or peridotite (Menzies ~!!. 1975). The 
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only large outcrops of ultramafic rock associated with the 
ophiolite ~e in lenses of serpentinite which lie along the 
boundary fault zones. Small scale deformation of the 
ophiolite occurs adjacent to these faults. Minor, parallel, 
fractures cut the Block. 
The lack of ultramafic rocks, combined with poor exposure, 
was probably the reason for the hte recognition of this 
ophiolite. However, recent road cutting and reservoir construc-
tion created some excellent exposures, particularly of a 
dyke complex, and it was realised that this was very similar 
to, for example, the Sheeted Intrusive Complex of the Troodos 
Massif. (Section 2.1.2.3). Most of the terrain is covered 
by forest, woodland, scrub or pasture and exposure is sparse. 
Fieldwork was largely confined to road and river sections. 
However, the main rivers run across strike and so provide 
excellent representative sections (Figure 2.3.3), most of 
which occur between Brownsville in the north and State Highway 
20 in the south. 
Sediments within the volcanics ~e unfossiliferous and there 
are no radiometric age determinations available. The ophiolite 
is assumed to be of similar age to the Jurassic sediments 
which flank it to east and west and it is known that the area 
was structurally defined as a fault block before the intrusion 
of a group of Late Jurassic plutons (Hietanen 1973). 
Palaeogeographic reconstruction of the western U.S. Cordillera 
indicates that the Palaeozoic - Mesozoic American continental 
margin was underthrust from the west by an oceanic plate and 
dominated by destructive margin magmatism now represented by 
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the plutons and volcanic sequences of the Sierra Nevada and 
the Klamath Mountains. (Burch±iel and Davis 1972, Hietanen 
1973). Two major zones of thrusting related to this eastward 
subduction can be recognised in california; a pre-uppermost 
Jurassic zone in the western Sierra Nevada (Davis, 1969) and 
a younger zone in the coast ranges (Section 2.4). In the 
north-western Sierra Nevada, these Jurassic thrusts seperate 
four westward younging ~lts of metamorphosed palaeozoic 
volcano - sedimentary formations and, on the west, a relati-
vely unmetamorphosed Jurassic belt, which includes the 
Smartville Block (Figure 2.3.1). All these belts are intruded 
by the post-kinematic Nevadan plutons. Schweickert and Cowan 
(1975) suggest that the Smartville Block is sandwiched, with 
thrust contacts, between two Jurassic island arc assemblages, 
one each to the east and west, and suggested that the Smartville 
ophiolite represents oceanic crust formed in an interarc basin. 
They postulated a west dipping subduction zone as well as the 
main east-dipping Zone beneath the continental Iaargin. At 
about 150 my. the subduction locus shifted westwards, 
initiating the underthrusting of the Coast Range ophiolite by 
the Franciscan (Section 2.4) and shortly thereafter the Sierra 
Nevadan plutonism. 
It has been suggested by Menzies and Blanchard (1977), on the 
basis of RE geochemistry and lithology, that the lower part of 
the Smartville volcanic unit is composed of island arc tholeiites 
or, possibly, ocean-floor tholeiites, and is intruded and overlain 
by a calc-alkaline upper volcanic unit. The Ti-Zr-Y content of 
seven dolerites from the smartville dyke complex, which fed the 
volcanic unit, is more similar to that of ocean-floor tholeiites 
(Figure 2.3.4). In summary, the Smartville ophiolite probably 
Figure 2.3.4 Trace element discrimination diagrams:Smartville ophiolite 
Dolerites from the dyke complex 
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represents ocean crust that was formed either at a spread-
ing centre in a Jurassic interarc basin or possibly at a 
somewhat older, but still Mesozoic, mid-oceanic ridge and 
that subsequently became the basement to island arc volcanism. 
The Smartville Block was structurally defined during the 
Nevadan Orogeny and was then intruded by Nevadan plutons 
related to the Coast Ranges subduction zone. Therefore 
igneous rocks in the Smartville Block are ~e products of 
three phases of magmatism; at a spreading centre, in Early/Mid 
Jurassic island arcs and above a late-Jurassic/Cretaceous 
subduction zone. The ~utonic products of each phase may be 
chemically well defined or have intermediate variation which 
makes identification difficult. 
2.3.2 Field Relations and Petrography 
2.3.2.1 Introduction 
For ease of description the Smartville ophiolite is divided 
into three units (Table 2.3.1). By analogy with complete 
ophiolites, it is assumed that these units formed a near-
horizontal sequence before the Nevadan plutonism. The 
structure of the Smartville Block and geopetal indicators 
in fue pillow lavas and cumulate gabbros are consistent with 
this interpretation. The maximum observed outcrop width in 
Dry Creek (Figure 2.3.3) or the volcanic unit is 5.6 km., the 
dyke complex L7 km. and the plutonic unit 4.4 km. There are 
three uncertainties in the calculation of their thickness; 
(i) the attitude or the units is imperfectly known (ii) most 
sections could be abbreviated or lengthened by faulting and 
Table 2.3.1 
, Unit 
Voicanic 
Unit 
Dyke 
Complex 
Plutonic 
Unit 
'Nevadan' 
plutons 
Stratigraphy of the Smartville ophiolite 
+ 
+ 
+ 
+ 
+ 
+ 
-J. 
of 
-+-
+ 
~ + 
+ of 
+ + 
+ + + + 
~ + + + 
Thickness 
Waterlain tuff, breccia, lava 
4-5 kIn UVU 
sills and dykes 
Pillow lava, tuffaceous sediment, interpillow chert 
LVU and lilJlestone. Volcanic breccia is more frequent 
at base. Sills and dykes 
Dolerite with up to 10% microtonalite, felsite episodite 
and 1 % orthoclase porphyry. Small epidote-quartz veins 
1-1.5 km 
along dyke margins and jOint planes. 
Hornblende gabbro with minor magnetite gabbro (2-3%) 
3~3.5 km and layered pyroxene gabbro (10-15%?) 
plagiogranite; Diorite and qz.diorite (10%), tonalite (60%) 
trondhjemite (30%) 
Calc-alkaline granodiorite, trondhjemite, tonalite, 
diorite and gabbro. 
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(iii) the upper boundary of the volcanic unit and the 
base of the plutonics are not seen. Field data suggest 
the volcanic unit dips southwest at about 500 and is 
therefore at least 4-5 kID. thick. Assuming the same 
regional dip there is 1-1.5 km. of dyke complex which has 
less than 10% screens of extrusive or plutonic rock and on 
the same criteria 3-3.5 kID. of plutonic rocks are exposed. 
2.3.2.2 The Volcanic Unit 
The volcanic unit was divided into an upper (U.V.U) and a 
lower (L.V.U ) division on the basis of lithology (Table 
2.3.1) and RE geochemistry (Section 2.3) by Menzies and 
Blanchard (1977). These divisions are not strictly analogous 
to the UPL and LPL of the Troodos Massif. Petrographic 
examination shows the lavas to be mainly basaltic (no analyses 
are available) and can be vesicular, aphyric or pyroxene and/ 
or plagioclase phyric. They were metamorphosed under zeolite 
or green schist facies conditions, the metamorphic grade 
increasing down the ~quence (Menzies et ~., 1975). There is 
some stratabound copper-zinc sulphide mineralization in the 
western volcanic zone but, according to Menzies ~ !!., (1975), 
this is associated with the calc-alkaline suite beyond the 
bounding fault zone. 
2.3.2.3 The Dyke Complex 
The ~ke complex is composed of dykes which either intrude 
other dykes or invade massive ~tructureless) dolerite. It's 
, top and bottom boundaries are gradational, having screens of 
volcanic rock at the top and of plutonic rock at the base. 
Figure 2.3.5 Schematic of dyke complex - Variation in intrusive phenomena in multiple dykes 
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Table 2.3.2 Summary of petrography of the dyke complex 
---
. -
Rock Primary Alteration 
Type Petrography 
Plagio- Pl, qz, hnd. ~ Op. Ab, ep, CZ, sph, act 
granite l-Bi. to fine ground mass with and/or hnd, chl, sane cal. 
catplex1y zcned enhedral Pl phet'lOCl:ysts are 
pI phenocrysts, up to 2mn. turbid and replaced by 
Rare Qz phenocrysts. Sane cz. Ep is interstitial in 
aphyric felsites with flow clusters or veins. 
banding am orbicular 
texture. 
Ortl'X>clase Pl, Or, qz, hnd. Arx Op, As plagiogranites but 
Po:q>l1yl:y biot. PI and Or pl'leooczysts generally less intense. 
in med. to fine ground mass 
strmg ly zmErl in sane 
specimens, unzoned in others. 
Dolerite Pl, cpx, lmd. ~ Op, qz, As al:ove but with 
opx, sph. Mad. to SOll'e ha or 'f1l. Late 
aphanitic. Usually pI + fractures WillEd with 
cpx or pI phyr1c, sane ep, qz, py. 
aphyric. Weak flow Epidosite also oocurs. • 
structures • 
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Occasional dykes are found throughout the rest of the 
ophiolite. IIowever, the features described m the follow-
ing paragraphs are the same whether the dykes intrude 
volcanic, ~utonic or hypabyssal material. 
The strike of the dykes varies between 3100 and 0400 and 
most dip at moderate to steep angles to the east. Later 
intrusives frequently crosscut early ones at a high angle, 
indicating ~riable regional stress during magmatism. (This 
contrasts with the occassional weak transgressions in the 
S.l.e.s of the Troodos Massif and the Semail Nappe). The 
dykes are usually planar, up to 3m fuick, but late narrow 
sinuous dolerites also occur. 
The splitting of early dykes by later ones is commonplace, 
subsequent dykes forming chilled margins against the usually 
coarser interiors of their host. The various petrographic 
types in the dyke complex are described in Table 2.3.2. 
Acidic dykes are mostly confined to the Dyke Complex and 
also crosscut plagiogranite. They are typically plagioclase 
phyric and a few also have quartz phenocrysts. The rarer 
orthoclase porphyrys (two feldspar porphyrys) form dykes up to 
10 metres thick, intrude plagiogranite, the dyke complex or the 
volcanic unit. They have strongly chille~often aphyric, margins. 
This type of dyke is usually the last in the intrusive sequence 
although one example is crosscut by a late dolerite. Although 
the orthoclase porphyrys are altered m the same manner as the 
plagiocJ.ase porphyrys, their primary petrography and field 
character set the group apart. 
Plate 19 Single and multiple dykes in microgabbro , 
Dry Creek , Smartville Block . Liquid /liquid contact to 
left of hammer . Scale is 10cm . long . 
lllate ; '0 jl'Low- folded lnyel'ed pyroxene abbr 0 , Dry 
Creek , Smartv-Llle Block . Scale on hammer is 10cm. long . 
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2.3.2.4 The Plutonic Unit 
The plutonic rocks within the Smartville Block fall into 
two groups; those which were formed before the Nevadan 
orogeny (the ophiolite Plutonic Unit) and the post-
kinematic "Nevadan" plutons. The latter will only be 
described briefly. 
The ophiolite Plutonic Unit consists of gabbro and 
plagiogranite, the latter in relatively small bodies, up to 
about 1 km. across. Screens of plagiogranite and gabbro make 
up a small fraction of some outcrops of the dyke complex and 
the proportion of plutonic rock gene~a1ly increases downwards 
until the dykes are very widely spaced. Thus the boundary 
between the dyke complex and the plutonic unit appears to be 
gradational but some sections are fault-shortened and critical 
parts of others are unexposed. The available evidence suggests 
that the plutonics intrude the dyke complex upwards and sideways 
and then are often themselves intruded by later dykes. (Section 
2.1.2.5). Only mild contact metamorphism is seen but dolerite 
xenoliths in all stages of assimilation are numerous. Fine 
grained plagiogranites are common but it is not clear whether 
some of these are the chill facies of larger bodies or if 
they are all small intrusions. Gabbro is definitely observed 
c.hilling on dolerite. In some instances, plagiogranite passes 
la.tera.lly into varitextured gabbro over a few metres, in others 
plagiogranite intrudes gabbro. It is not possible to determine 
the siZe and shape of these small plutons with any certainty 
because exposure is so poor away from stream and road sections. 
Table 2.3.3 Summary of petrography of the plutonic complex 
Rock 
Type 
Pyroxene 
ga1::bro 
Hornblende 
gabbro 
Magnetite 
gabbro 
Primary 
Petrography 
Cpx, opx, pl. Acc Op, 
Hnd. Med. grained, 
haoogeneous or, rarely, 
with aligned pI or 
CDtp:>siticnal layering. 
All phases euhedral to 
anhedral. 
Hnd, pl. ~ cpK, op, 
qz. Coarse to fine. 
Alteration 
Pyx and hnd rinmed 
or replaced by 
fibrous aqil, which is 
pale green, blue green 
or bJ:OWI'lgrgell and often 
encloses OPe SItt replaces 
op, often alcng 
exsolution lamellae. 
Saus. arXi cz after pI, 
often in cores only. 
lbOOgena::>us or Sane chl. 
varitextured with pegmatite 
veins, leuoocratic and 
quartz-rich patdles. Hnd 
is green or brown. Occ. pI 
pheoocrysts. PI is 
frequently zoned. 
Hnd, pI, ope ~ qz, 
cpt. coarse to mediun 
grained. q> can be 
euhedral or anhedral 
with or without inclusions 
of pl. and an¢. 
Table 2.3.3 continued 
-------y-------------,.-------------
Rock Primary Alteration 
Type Petrography 
Diorite, Variable prop::>rtions of pI, Ab, cz, ep, act, sph. 
Qz diorite, qz, lmd. Acc Op, ap, sph, Ab and saus after pI, 
tcnalite 
trond-
hjenite 
Leuc:o-
diorite 
In situ 
veins 
Epid:>site 
zrc. Rare Or, biot. Can 
be harogeneous or not. 
Euhedral or subhedral 
zoned pl. Interstitial 
granophyre cx:mron. Hnd. 
suthedral. 
Qz anhedral. 
which is also partly 
replaced by cz. Ep 
in aggregates or single 
grains. Aggregates of 
fibrous act. after hnd, 
pale green, green brc:rwn, 
blue green, often encloses 
OPe Sph after primary OPe 
Pl. Ace Qz, cpK, lmd, sph. Chl after arrph. 
very leU<X>Cratic veins. Sane cal. OCcassional 
Straight and sharp-mal:gined brittle defoIInatian 
up to 20 an. thick 
PI, hnd, qz. ~ QJ, cpx, 
~, ap, z~. am~al, 
strcngly zcned pl. 
Accessories can be mad. 
grained and plentiful. 
Veins up to 2m. long, 30an 
thick. 
Rsmant primaxy minerals Ep, qz, sPl, sane cz, hnd, 
(Plagio granite or d:>lerite) cill. 
Intensity of epicbtization varies but can a:mp1etely 
replace pr1ma.ty assatt>lage. 
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There are three mineralogical and three textural varieties 
of gabbro. The domina nt mafic mineral can be hornblende or 
pyroxene (although both are normally present) and the hornblende 
gabbros can also have a lar~e proportion (up to 10%) of opaque 
minerals. The gabbros are usually fairly homogeneous but can 
a.lso be Vilritextured or, rarely, layered. The varitextured 
gabbros ~e remarkably similar to those described from Cyprus 
and the Oman. They are only found close to outcrops of the 
dyke complex and have variable grain size, leucocratic or 
melanocratic patches and are crosscut by some gabbro pegmatite 
veins. The varitextured gabbros also have in situ leucocratic, 
-
quartz-bearing veins with diffuse, pegmatitic margins and are 
crosscut by sharp-margined feldspathic or plagiogranite veins. 
Layered gabbro crops out at few localities. The best examples 
occur fu isolated roadside exposures to the east of Dobbins 
and their relationship to the remainder of the ophiolite is 
unknown. These are medium grained cumulate pyroxene gabbros 
with very strong compositional layering. Cumulate ultramafic 
material crops out nearby (Menzies et al., 1975). weak layering, 
probably also of cumulate origin, occurs in Dry Creek, south of 
Collins Lake. Thin, widely spaced mafic layers persist over many 
metres and are locally deformed, presumably by flow. (Plate20) • 
They are crosscut hy pegmatite gabbro veins. However, these rocks 
contain int0.Tcurnulus primary amphibole and magnetite, unlike the 
cumulates at Dobbins and those of the Troodos Massif. 
Completely unmetamorphosed gabbros are rare but gabbros that 
outcrop furthest from the dyke complex are generally the least 
altered, consistent with the depth control on metamorphism 
observed m the volcanics. Both pyroxene and primary hornblende 
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are usually rimmed or completely pseudomorphed by fibrous 
secondary amphibole which often encloses fine grained opaques. 
Plagiogranite occurs as (i) screens in the Dyke, Co~plex or in 
massive intrusions, (ii) dykes m both plutonic and hypabyssal 
formations, (iii) thin ~arp margined veins crosscutting the 
plutonic unit and ~v) diffuse-margined in situ veins in 
varitextured gabbro. There are two types of massive plagio-
grani te intrusions - early and la te formed. The early ones 
crop out between the dyke swarm and the gabbro and are crosscut 
by numerous dykes. The later ones are stocks intruding gabbro 
or the volcanic unit and are crosscut by only a few dykes. One' 
example is invaded by an irregular body of orthoclase porphyry. 
The same rock types (diorite, quartz diorite, tonalite, 
trondhjemite, quartz albitite and epidosite) appear in both 
early and late intrusions. However, those types with the rare 
accessory orthocla.se only occur in late-formed bodies. Hornblende 
is the most common primary mafic mineral and biotite occurs only 
very rarely. Many plagiogranites have a particular type of 
granophyric texture. Zoned, euhedral plagioclase is set in a 
halo of radial plagioclase/quartz intergrowth. The intergrown 
plagioclase is in optical continuity with the sodic outer zones 
of the euhedral grain and the mtergrown quartz frequently 
passes into an anhedral quartz grain. The same texture is found 
in medium and fine grained rocks. As the quartz is never seen to 
overlap the euhedral outline of the plagioclase grain it can be 
inf(~rr(~d that this texture is primary and represents crystalliza-
tion on the pla.gioclase/quartz cotectic. Indeed, secondary quartz 
is not common in the plagiogranites. Granophyric textures are 
f d · s'harp marninal veins, the "Nevadan" plutons, not oun 1n - ~ 
P1Flte ;)'1 .Primary granophyre in trondbjemit • 
Tntergro~l feldspar is continuous with eubedral 
grain and intergrown guartz(extinct)is continuous 
with grain to left . (x-pols) 
o 
-61-
orthoclase porphyrys or plagiogranites with accessory orthoclase. 
No plagiogranite remains unaltered and, in contrast to the 
gabbros, feldspars are never wholy pellucid. Epidote arid 
chlorite are much more plentiful than in the gabbros but, 
as usual in plagiogranites, secondary mineralogies are 
imperfectly developed. Some plagiogranites at Smartville 
have limited brittle deformation, manifest by crystal fracture 
and recrystallisation, mortar texture, undulose extinction in 
quartz and deformed cleavages and twin planes in feldspar. 
The primary mafic mineral has been fractured, strung out and 
synkinematically replaced by actinolite or chlorite. However, 
post kinematic epidote grains and epid0te veins parallel to 
the deformation fabric are also found. 
Massive (undyked) epidosite crops out in South Honcut Creek, 
close to the western edge of the Block, where it is faulted 
against the volcanic unit. Remnant primary mineralogy, trace 
element geochemistry and field relations show that the 
epidosite mrmed from a plagiogranite which intruded or possibly 
passed gradationally into the epidote free varitextured gabbro 
upstream. Theepidosite is very inhomogeneous, epidote is 
often patchily developed and the rock encloses swarms of rounded 
and angular basic xenoliths. The growth of epidote was 
preceded by the replacement of plagioclase by secondary quartz 
which often nucleates upon granophyric intergrowth. 
The diffuse margined veins (leucocratic quartz diorites or 
trondhjemites) are not common and nowhere achieve the density 
found in the segregation gabbros of the Troodos Massif. They 
have irregular margins which grade rapidly into a pegmatitic 
fringe and then into the gabbro host and they have no feeder 
1'1:11.< ' ,';" InLI'wiivc tl'oTldh,iernit V in in vRrit xt'..l2..'ei 
1'::IHlI 'O , III',Y (~I'('('I\ , :~rn:ll'tvill(' Ina 1, . Note epidote 0:1 
,itlilil. pl:llll' , nlll'y . 1,011[; np is ['em . diClmete • 
l'ln l:C' {I:, ~ c':itu ton lite vein in ·le:·i~~z,,:·;.:· '";r; ;:::::.-,:~,-:.~" 
Jl ,Y CI' ek , (;lTlnrtvj~le Bloc~ . Lens csp l':: ::;.~:-: . r~:8::C-;-:~,-:· . 
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or vent, which suggests they were formed in situ. In contrast 
to their host, they have euhedral feldspar, quartz and, 
often, plentiful sphene or other accessories. They also 
tend to be more intensely altered and to develop clinozoisite 
where this mineral is absent from the host. One reldspathic 
specimen has an abnormally high content of Al20 3 and CaD, 
representing an accumulation or plagioclase. 
The ~arp-margined veins fall mto two groups. The rirst 
are microgranite or felsite and are clearly fine grained 
equivalents of the plagiogranites in the larger intrusions. 
The second are leucocratic diorites which are ~rse and 
mostly intrude gabbro. The sharp margined veins have all 
undergone brittle deformation. Some examples have a 
macroscopic planar fabric parallel to ~e vein margins but 
the deformation is invariably conrined to the vein. 
2.3.2.5 The 'Nevadan" Plutons 
These hrge intrusions represent the final phase or magmatism 
in the area. They belong to a group of late Jurassic plutons 
or calc-alkaline affinity which intrude the metamorphosed 
palaeozoic rocks to the north and. east or the Block. (Hietanen 
1973) This group lies about 40 km. west of the northern part 
of the main Sierra Nevada batholith. 
The plutons are typically several kilometres across and 
are mesoscopically homogeneous. They cut right across the 
ophiolite sequence and have wide metamorphic aureoles (Menzies 
~ al., 1975). COmplex net veining, with swarms or xenoliths, 
occurs at the margins. Although a few microgranites and aplites 
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crosscut the plutons no dolerites or orthoclase porphyrys 
do so. The rock types range from gabbro to trondhjemite 
apd granodiorite but differ from the plutonic unit of the 
ophiolite in many ways (Table 2.3.4). However, it must be 
noted that a single criterion is usually insufficient to 
make the distinction. 
Table 2.3.4 Comparison of 'Nevadan' and Ophiolite 
plutonic bodies 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
Property 
Size 
Hornogenei ty 
Intruded by 
dolerite dykes 
Rock Types 
Grainsize 
Primary 
Mafic 
Granophyric 
intergrowth 
K-feldspar 
Alteration 
10. Chemistry 
(Section 
2.3.3) 
Ophiolite 'Nevadan' 
Up to 1 km across several km across 
Inhomogeneous Usually Homogeneous 
on outcrop scale 
Often Never 
Gabbro, Quartz- Granodiorite, 
Diorite, Tonalite, tonalite, trond-
Trondhjemite, 
orthoclase 
porphyry 
Fine - Medium 
Hornblende with 
hjernite, quartz-
diorite, gabbro 
Medium - Coarse 
Biotite with 
very rare biotite hornblende 
Common 
Rarely present, 
in sma 11 amounts 
Always 
Absent 
Usually present in 
small arnoonts 
Occasionally 
Low Al20 3 and very High Al20 3 and 
low K20 moderate K20 
High K/Rb Moderate K/Rb 
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2.3.3 Geochemistry 
2.3.3.1 Introduction 
The range in abundance of the major and minor oxides is 
summarised in Table 2.3.5 and their distribution relative 
to Si02 in Figure 2.3.6. The trace elements are likewise 
represented in Table 2.3.6 and Figure 2.3.7. With two 
exceptions, discussed below, the 29 whole rock analyses 
indicate the suite is geochemically compatible. 
2.3.3.2 Metasomatic variation 
As described in the previous section, all the igneous rocks 
in the Smartville Block, except the "Nevadan" Plutons, have 
been metamorphosed to hydrous assemblages. By analogy with 
the effects of hydrothermal metamorphism on similar suites 
(Sections 2.1.4.2; 1.2.), it seems possible fuat metasomatic 
alteration occompanied that metamorphism. The chemical 
distributions were examined for the effects of metasomatism 
on the entire suite a'ld m :individual specimens before the 
magmatic trends were considered. Unfortunately, very few 
fresh specimens were found and so it is not possible to compare 
fresh and altered ~ecimens of similar original chemistry. 
However, there is a range in the degree of mineralogical 
alteration among the altered specimens and so metasomatism 
also varies :in intensity. There is a positive correlation of 
SiO and immobile incompatible traces (Zr, Y) and only one 
2 
specimen, an epidosite, is clearly secondarily enriched in 
silica. The background scatter of values about the trend 
could be primary or secondary, or both. The strong correlation 
Table 2.3.5 Ranges of abundance of major elements, 
by rock type 
Magnetite Quartz Diori tic 
Gabbro Gabbro Dolerite Insitu vein 
~.Specine1s 1 4 10 2 
5i02 Wt% 44.9 47.6-54.8 46.3-56.6 64.1-61.6 
Ti02 3.2 0.3-1.4 0.7-2.3 0.9-0.7 
A120 3 9.7 12.5-20.8 13.1-15.2 14.9-17.3 
F~203* 17.1 5.8-10.8 9.8-12.7 2.2-5.9 
MnO 0.21 0.07-0.15 0.16-0.3 0.06-0.08 
MgO 8.7 6.4-12.1 4.6-10.6 2.8-0.9 
CaO 12.2 8.3-16.7 4.4-12.3 8.4-4.5 
Na20 1.9 1.0-3.9 1.7-5.8 4.6-7.4 
K20 0.14 0.05-0.19 0.06-0.38 0.48-0.08 
P20 5 0.09 0.01-0.18 0.08-0.44 0.02-0.18 
Orthoclase 'Nevadan' 
TO'lallte Troodhjem1te Epldc:slte Poqilyty Gabbro 
3 4 1 2 2 
Si02 59.7-69.1 
65.8-74.2 76.4 71.1-71.5 50.4-50.3 
Ti02 0.6-1.0 
0.2-0.7 0.4 0.2-0.3 0.9-1.0 
A1 20 3 13.9-15.6 
13.4-14.4 10.5 14.4-14.1 17.4-17.4 
Fe20 3* 4.6-8.7 
3.3-6.9 4.1 3.0-3.8 10.1-10.4 
MnO 0.1-0.19 0.03-0.14 0.06 0.08-0.15 0.17-0.19 
MgO 0.3-3.9 0.1-1.2 1.0 0.3-0.2 6.1-5.48 
CaO 1. 8-5.2 2.1-3.4 6.3 0.9-1.6 11.5-11.03 
Na20 
5.6-7.1 5.6-8.0 2.6 4.4-6.6 2.2-2.7 
K20 
0.12-0.71 0.04-0.13 0.11 5.3-1.33 0.51-0.59 
P20 5 0.06-0.31 0.01-0.16 
0.06 0.03-0.04 0.23-0.42 
Table 2.3.6 Ranges of abundance of trace elements, 
by rock type 
M:lgnetite 
No. Gabbro Gabbro Dolerite Insitu vein 
Speci.Irens 1 4 10 2 
Zr, ppm 30 19-174 41-288 237 728 
Y 17 5-41 14-63 49 48 
Nb 2 <1-4 1-9 15 <1 
Cr 31 12-295 6-534 9 3 
Ni <1 11-107 <1-157 242 195 
Ba 87 12-76 53-142 151 157 
Rb 2 <1-2 <1-5 6 < 1 
Sr 142 167-173 159-311 7 4 
Zn 82 15-56 23-207 5 14 
Orthoclase 'Nevadan' 
Tmalite Tradljemite Epidc:site Poztilyzy Gabbro 
No. 3 4 Specimens 1 2 2 
Zr 148-322 345-628 281 456 367 62 46 
Y 43-61 69-95 34 78 66 17 25 
Nb 4-13 9-17 6 13 9 2 
Cr 4-7 <1-9 7 2 5 67 
Ni <1 <1 1 <1 18 
Ba 155-461 55-148 56 543 333 168 218 
Rb <1-8 <1 2 42 11 10 11 
Sr 89-236 74-207 189 81 78 284 295 
Zn 13-43 7-28 13 22 45 63 69 
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between Ti02 and Si02 in the intermediate and acid specimens 
conrirms that there has been little secondary change in 
silica content in these rocks (Figure 2.3.6). The epidosite 
also has a very low aluminium content. In the two specimens 
which have lost iron, the opaque phases are extensively replaced 
by sphene. MnO varies in proportion to total iron and is 
depleted in the same two specimens. Two other dolerites are 
possibly enriched in MnO, relative to iron. The range in 
sodium content mcreases with differentiation, enhanced Na20 
values accompanying albitisation of the plagiogranites and 
the epidosite being strongly depleted in Na20. The distribu- . 
tion of potassium is problematic. The very low level of 
pot.-,ssium in the major i ty of specimens could be explained 
by extensive leaching during metamorphism. However, no 
remnants or pseudomorphs of K-rich phases are observed in 
thin section in the K-poor plagiogranites. Indeed, the 
orthoclase prophyrys have much larger K20 values although 
they, too, have been saussuritised, albeit mildly. Therefore, 
it seems most probable that the abnormally small abundance 
of K 0 in the tonalites and trondhjemites is primary, with 
2 
only minor secondary modification •. This interpre.tation is 
supported by the sa data. Only four of the analysed 
plagiogranites are seriously depleted in Ba; one of those 
is the epidosite and two others are enriched in Na20. 
Although the rpmaining plagiogranites also have very low 
K
2
0 values they have not suffered major secondary LIL dep~e­
tion. (Figure2.~.') Sr values are scattered but there is no 
consistent "alteration trend". The distribution of MgO, CaO, 
PO Ni Cr and Zn shows no variation that can be attributed 
2 5' , 
to metasomatism. In summary·, the epidosi te is the only single 
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specimen which has suffered sufficient metasomatism 
to alter its primary geochemistry in an unequivocal way. 
It las lost AI, Fe, Mn, Na, K and Sa and gained Si, Ca and 
Sr. Other samples, with greenschist or amphibolite 
assemblages, have been enriched in Na20 but with the excep-
tion a Sr, metasomatic alteration does not obscure the 
primary geochemical distribution. 
2.3.3.3. The geochemistry of the Nevadan plutons 
It was noted previously that the Smartville Block has been 
intruded by several late Jurassic plutons, which contrast 
with the other formations in the Block. Geochemically, 
there are three possibilities; (i ) the Nevadan plutons may 
be chemically distinct fran the ophiolite, they may have 
(ii) partial or (iii) complete compositional overlap. 
/ 
I 
According to Hotz (1971) the plutonic rocks of the Klamath 
Mountains in northern California are· similar in composition 
and age to ~ose in the western Sierra Nevada (including 
those in the Smartville Block) and are considered by him to 
be related. Both groups are more sodic than the younger 
intrusives in the east and central Sierra. Of course, many 
major element variation trends and abundances are similar 
in any suite ranging from gabbroic to granitic compositions 
but some differences were found. The most obvious is shown 
on the A~~ diagram (Figure 2.3.9). The Klamath Plutons follow 
a typical calcalkaline trend whereas the Smartville analyses 
fallon a trend of initial iron enrichment which is characteristic 
of tholeiitic suites (Carmichael ~!!., 1974 p. 568 and p. 478). 
These trends are mimicked by the distribution of Ti02 • The two 
Figure 2.3.9 Comparison of major oxide content of ophiolite and 'Nevadan' 
plutonic rocks 
,1 N~" o.!Q.~" o..~ .... \~~ ~ s gOSW\. 
HO+2.(141I) 
o 
o 
,~_-e,--__ 
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suites also have different abundances of A120 3 , Nearly 
all the Klamath suite have greater than 15% Alz0 3 whereas 
the majority of fue Smartville analyses fall betwen 15.5% 
and 13% A120 3 , (Figure 2.3.9). Also, most of the Klamath 
rocks are more potassic, for a given silica content, than 
most cf the Smartville suite, although the distinction is 
not so marked as with A1 20 3 • The Smartville plagiogranites 
are more sodic than the calcalkaline granitic rocks. 
Only two specimens were analysed which were obviously from 
one of the Nevadan plutons, both quartz gabbros. Although 
insufficient to define a trend on any variation diagram their 
content of Al 20 3 and K20 is closer to that of the Klamath 
suite. They also have distinctly lower MgO than the other 
gabbros. No other specimens have high Al2 03 and high K20, 
suggesting that none of those assigned m the ophiolite suite 
on petrographic grounds has a "Nevadan" chemistry. 
Unfortunately, no trace element data are availab;Le from the 
northwest Sierra or the Ki.amaths rut a comparison of Rb, 
Sa and Sr 0.1 ues lEveals that the two "Nevadan" quartz gabbros 
are strongly enriched in fuese elements relative to most of 
the ophiolite including most of the plagiogranites and have 
lower K/Rb ratios (Table 2.3.7). 1hese elements are very 
sensitive to alteration and although the two quartz gabbros 
arc very fresh, the others have slightly or moderately 
saussuritised feldspars and these few data must be treated 
with caution. 
Table 2.3.7 
Rock Type 
(AI teration) 
Potassium and Rubidium 
'Nevadan' K2O% Rb ppm 
Quartz Gabbro SM23 0.51 10 
(Fresh) 
Quartz Gabbro SM9l 0.59 11 
(Fresh) 
Ophiolite 
Orthoclase Porphyry 5.32 42 
SM1S 
(Mild alteration) 
Orthoclase Porphyry 1.33 11 
SMS7 
(Moderate) 
Tonalite SM56 0.85 6 
(Moderate) 
Tonalite SM48 0.71 8 
(Moderate) 
N.B. (1) All other analysed speciments have 
0.5' K20 and less than 6 ppm Rb (2) SM57 
K/Rb 
423 
445 
1051 
1004 
1176 
737 
less than 
intrudes SM56 
-68-
2.3.3.4 Primary Geochemistry 
The distribution of Ti02 is highly significant in the 
geochemical evolution of the ophiolite. There are two 
quite different trends; Ti02 increases strongly in the 
dolerites but then decreases with further differentiation 
in the plagiogranites (Figure 2.3.6). Among the basic 
rocks, the gabbros (with one exception) have the lowest 
abundance of Ti02 , followed by the porphyritic dolerites 
than the aphyric ones. This indicates that most of the 
gabbros represent a cumulate or, at least, a non-liquid 
composition. Similarly, the liquid composition of the 
porphyritic mlerites groundmass has been somewhat diluted 
by their (non-titaniferous) phenocrysts. Steadily increasing 
Ti02 (and total iron) amongst the dolerites shows that the 
basic magma was not fractionating Fe Ti oxide. However, the 
magnetite gabbro, 51163, is dramatically enriched in Ti02 (and 
total iron) although it's content .d Si02 and incompatibles 
resembles that of other gabbros. The high porportion of opaque 
mine~als in the rock leaves no doubt it has accumulated Fe Ti 
oxide. The evolution of the intermediate and acidic rocks 
starts with the onset of Fe Ti oxide fractionation. 
Amongst the other major element variation trends the following 
points are significant. Total iron follows the same pattern 
as titanium. Like iron, phosphorous increases amongst the 
basic rocks and then reverses uend amongst the plagiogranites 
(Figure 2.3.6) indicating fractionation by apatite. Mn2 + 
substitutes for Fe2 + and so is distributed in a similar way to 
total iron. However, the magnetite gabbro, strongly enriched 
in :iron and titanium, has the same MnO content as the other 
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gabbros. Moreover, MnO undergoes continuous depletion with 
differentiation. It can be inferred that Mn2 + does not enter 
Fe Ti oxides to a significant extent, compared to pyroxene 
and, perhaps, amphibole. Zn, which follows total iron and 
MnO reasonably closely, is moderately enriched in the magnetite 
gabbro and so appears to be accepted by both the oxide and 
inosilicate lattices. MgO decreases with differentiation but 
there is a large ange in MgO values at low levels of Si02 
and vice versa. The distribution patterns of Cr and Ni are 
similar ro that of MgO but their form is exaggerated. 
Judging by these data, the plagiogranites evolved from a 
magma which had already been strongly depleted in MgO, Cr 
and Ni, presumably by removal of olivine and pyroxene. The 
low abundance of Cr and Ni in the magnetite gabbro and the 
overall Cr-Ti distribution suggests wry limited entry of 
Cr and Ni into Fe Ti oxide. The range to high values of 
MgO and Cr is due to variable accumulation of pyroxene. 
Thus the gabbros, which have the composition of crystal 
mUShes, and two clinopyroxene - phyric dolerites are strongly 
enriched in Cr relative to their presumed parent magma. However, 
the evolving magma is rapidly depleted in this element and 
even basic rocks with modera te MgO contain very little Cr or. 
Ni. 
The common occurrence of clinopyroxene and plagioclase as 
phenocrysts in the dolerites affirms that they are fractionat-
ing phases in the basic magmas. A fresh pyroxene gabbro, SM74 , 
has very high A120 3 , high CaO and a very low content of 
incompatible elements and so appears to have accumulated 
plagioclase. The other trace element - impoverished gabbros 
are also rich in CaO but are magnesian rather than aluminous, 
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indicating their composition is dominatea by cumulus 
clinopyroxene instead. 
Only broad generalisations can be made about the primary 
distribution of strontium. Predictably, it decreases with 
differentiation. Relative to caO, its distribution pattern 
has a1 inflexion. 2+ 2+ . (Figure 2.3.8) Sr enters Ca s1tes in 
plagioclase but not in pyroxene (Taylor 1966) and so the 
sharp downward trend amongst the plagiogranites is consistent 
with a strong increase in the proportion of plagioclase 
crystallizing. 
Zr increases steadily in abundance £rom the gabbros to 
dolerites to tonalites and £inally to trondhjemites and 
orthoclase porphyrys. It correlates closely with Y and Nb 
but Zr!Y increases somewhat with di£ferentiation and a few 
points deviate from the main Zr-Y distribution trend. Cross-
reference to Nb-Zr and Nb-Y diagrams reveals both Zr and Y 
wllues which do not conform to the trend, probably due to Y 
entering Ca sites in apatite or possibly hornblende and sphene 
(Lambert 1974) and Zr entering zircon. For instance, two 
dolerites which have slightly high Y/Zr (Figure 2.3.8) also 
have a relatively high phosphorous conten~ It is likely 
that they contain cumulus apatite which nucleated early and 
fractionated both elements. 
The granitic rocks that contain significant amounts (greater 
than 0.5%) of K20 are all late formed plagiogranites and 
orthoclase porphyrys. Rb closely £ollows potassium and is 
C)(merally present at very low levels (but up to 42 ppm in one 
orthoclase porphyry). sa is theoretically captured by K-rich 
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minerals ana so ShOUid correlate witn K2 0. The few rocks 
with modal ortnoclase are rich in sa but in the rest sa is 
roughly in proportion with Na2 0 instead and only present 
in moderate amounts. (Figure 2.3.8). In the absence of 
orthoclase, sa is accommadated by albite. 
It ~ now possible to consider if the plutonic rocks of 
the Smartville Block represent three phases of magmatism, 
as suggested at the end of Section 2.3.1, or only two. 
The "Nevadan" plutons can be unequivocally distinguished as 
the final episode, on field, petrographic and chemical 
criteria. (Table 2.3.4) Of the remainder, the orthoclase porphyrys 
have high K/Rb ratios, field relations and a style of 
mineralogical alteration which seperate them from the Nevadan 
plutons. Their alkali element content is higher than any of 
the plagiogranites although porphyrys and plagiogranites cannot 
be distinguished by any other chemical criteria. Similarly, 
the late plagiogra.ni tes tend to be richer in alkalis than the 
early ones. At the one locality where orthoclase porphyry invades 
a ]ate plagiogrd,ni te, the relationship is not strongly intrusive 
(the porphyry has a rather irregular indefinite margin and is 
not chilled) suggesting the two are not widely seperated in 
t · 'fherefore, on the basis of field evidence and alkali ~me. 
element content, it seems possible that, whereas the earlier 
plagiogranites represent the first magmatic phase (Lower Volcanic 
Unit, spreading ridge), the later plagiogranites and the 
orthoclase porphyrys represent the second magmatic phase. (Upper 
Volcanic Unit, island arc). The mode of occurrence and chemistry 
of plagiogranites in modern island arcs supports this conclusion 
(Section 2.6.4). 
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2.3.3.5 REE Geochemistry 
Menzi~s and Blanchard (1977) found that the Upper Volcanic 
Unit was LRE enriched and they suggested a different (calc-
alkaline) source to the lower volcanic unit which is typically 
LRE depleted. The dyke complex has both LRE enriched and 
depleted types which can be mutually intrusive. According 
to Menzies (£E. cit.) the plutonic unit is composed of LRE 
depleted rocks, IRE ranging from chondri tic levels in a 
gabbro-pyroxenite to 60X chondrite in some plagiogranites. 
I 
Five specimens from Smartville were analysed for the REE, 
two gabbros, an early and a late tonalite and an orthoclase 
porphyry. (Figure 2.3.10). There are insufficient data to 
assess the mobility of the REE in the Smartville suite but 
by analogy with other studies (Sections 1.2, 2.1.4, 2.2) 
they are taken to be immobile. 
The two gabbros have LRE depleted profiles which are assumed 
to be similar to those of the Lower Volcanic Unit (Menzies 
et al.l,lave not, at the time of writing, publisbed their data) but 
with superimposed positive Eu anomalies attributed to cumulus 
plagioclase. The three granitic rocks have LRE enriched 
profiles with large negative Eu anomalies. These data can be 
interpreted in three ways. (i) The LRE depleted plagiogranites 
recorded by Menzies et ale are cogenetic with the Lower Volcanic 
Unit. Data presented in previous sections show that LRE depleted 
plagiogranite liquids can evolve to residua with flat or LRE 
enriched profiles, probably by the combined fractionation of 
plagioclase, hornblende and/or apatite. The three analysed 
rocks could be examples of such residua. (ii) Some of the 
Figure 2.3.10 Smartville RE profiles 
• SMOl Early tonalite 
K SM15 Orthoclase porphyry dyke 
SM56 Late tonalite 
o SM63 Magneti te gabbro 
(j) SM52 Varitextured gabbro 
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smartville plagiogranites are cogenetic with the Upper 
Volcanic Unit, as suggested at the end of the previous 
section. In this case they would be expected to have 
similar profiles to the lavas but to be enriched overall, 
with negative Eu anomalies as the result of plagioclase 
removal. The three analysed rocks could be cogenetic with 
the upper lavas. (iii) Two of the analysed rocks are 
cogenetic with one volcanic unit and the third with the other. 
According to their field relations and alkali content, the 
more LRE enriched of the tonalites is an early type, the 
others belong to a later episode. These RE data are compatible 
with this, the third possible interpretation,although it is 
acknowledged that the data are too few to be dogmatic about 
this proposal. 
2.4 Point Sal -74-
2.4.1 Regional Geology 
The California Coast Ranges, which extend 900 km. down the 
Pacific coast of North America, are dominated geologically by the 
Franciscan formation. (Figure 2.3.1). This is an assemblage of 
Upper Jurassic to Upper Cretaceous greywackes, siltstones and 
shales with altered mafic and rarer felsic lavas, serpentinites, 
some cherts and rare limestone (Bailey ~ !!., 1964). Although 
some coherent structures are recognisable within the formation, 
it is largely a chaotic m~lange (Hsu 1968). For most of their 
length, the Coast Ranges are flanked on the east by The Great 
Valley, underlain by the Great Valley Sequence (G.V.S.). This 
covers the same time span as the Franciscan sediments but it is 
a little deformed sequence of siltstone and mudstone with some 
arkosic sandstones. Conglomerates and mafic lavas with cherts 
occur in the lower parts of the Sequence (Bailey 2E £!!., 
Pessagno 1973) which in the west rests depositionally upon an 
ophiolite assemblage which Bailey, 'Blake 'and Jones (1970) 
considered to be oceanic crust. Indeed, recent geophysical 
studies indicate much of the Great Valley basement has the 
characteristics of oceanic crust, except for unusual thickness 
(about 30 km.) (Cady 1975). However, the G.V.S. overlaps the 
Sierran basement in the east. Ernst (1965) concluded the 
Franciscan was deposited entirely on oceanic crust, perhaps partly 
or wholly within a trench but certainly in a more distal environ-
ment than the G.V.S •. 
The coeval assemblages of the Franciscan and Great Valley Sequence 
are everywhere seperated by reverse faults. (Irwin, 1964). 
Ernst (1970) interpreted these boundary faults as 'the expression 
of a Late Mesozoic Benioff zone in which the Franciscan, a prism 
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of sediment which accumulated in the trench, was subducted 
and metamorphosed ~neath the Great valley Sequence. Bailey 
et ale (1970) also recognised the regional equivalence of 
the boundary faults and proposed that they all be renamed 
"The Coast Ranges Thrust". In their interpretation, the 
Coast Range 'Thrust is subhorizontal (albeit folded) over 
most of the Coast Ranges, steepening dip to disappear 
beneath the Great Valley. Thus, the present outcrop of 
the Franciscan is viewed through wide tectonic windows 
whose margins are delineated by serpentinite and pillow 
basalt, the dismembered remnants of the Mesozoic ocean crust 
on which the Great valley Sequence was deposited. (Bailey 
~ .!!.., 1970). The "Coast Range ophiolite" does not occur 
in the north, where the Franciscan is thrust beneath the 
continental basement of the Klamath mountains. Mid-late 
Jurassic radiometric ages have been determined for several 
of the ophiolite fragments. (Lanphere 1971, Maxwell 1974, 
Hopson ~ ~., 1975). Bailey ~ !!., did not suggest a 
specific emplacement age for the Coast Range ophiolite and 
their model implies a progressive underthrusting of the 
Franciscan. Detailed mapping of the northern Coast Ranges 
has revealed several distinct tectonic units within the 
Franciscan. The oldest was thrust against the Great Valley 
Sequence in the Tithonian or bef&re and the youngest, on 
the coast, in the Eocene. (Maxwell, 1974). 
Two of the best known fragments of the Coast Ranges ophiolite 
occur at Point Sal and San Luis Obispo (Hopson.!l!.!., 1975 
page 1972), both to the south of the Salinian Block (Figure 
2.3.1). De,tailed descriptions o~ these areas made since 
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1970 support Bailey et aI's hypothesis that the Coast Range 
ophiolite represents Jurassic ocean crust. 
2.4.2 The Point Sal ophiolite 
In the sense of the 1972 GSA conference definition, the 
Point Sal ophiolite is complete but dismembered. It's 10 km~ 
outcrop is less than one thousandth the area of the Semail 
Nappe. It vas first described by Fairbanks (1896), subsequently 
by Woodring and Bramlette (1950) and has been re-examined only 
very recently (Hopson et al., 1973). 
The following description of the ophiolite is largely taken 
from Hopson et ~., 1975. This is followed by the present 
writers observations on the plagiogranites (Section 2.4.3). 
The upper part of the Point Sal sequence (sediments, extrusives, 
dyke and sill complex, plagiogranites and hornblende gabbro) is 
completely seperated from the lower part (01- cpx- pI cumulate 
gabbros and peridotites) in surface outcrop. 
The whole ophiolite is about 3 km. thick. The two main outcrops 
are seperated by at least one major fault and the northern 
outcrop is further fault-dissected (Figure 2.4.1, 2.4.2). A 
high angle fault at the base of the sequence juxtaposes 
I 
Miocene sediments and ultrabasic cumulates. Slivers of 
serpentinized harzburgite occur along the basal fault. 
According to Hopson (~£!l.,) the gabbro and diorite in the 
northern outcrop lack cumulus textures, and primary hornblende 
appears in ~ace of pyroxene and olivine. There are numerous 
flow-aligned miarolytic cavities partly filled with fibrous 
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Figure 2.4.1 Geological map of the Point Sal area 
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Figure 2.4.2 Section through the Point Sal ophiolite 
From Hopson et al. 1975 
Tertiary sediments 
Upper Jurassic shale and sandstone 
tuffaceous chert 
U~per volcanic zone Massive and pillowed submarine lava, 
c iefl y Ol-cpx-pl-phyric and aphyric basal t. (Strong 
smectite alteration) Inter-pillow limestone near top. 
structural break with unknown amount of overlap. 
Lower volcanic zone Pillowed and massive submarine lavas, 
chiefly spilite and keratophyre. Minor pillow breccia and 
interpillow radiolarian chert. Dykes increase upward. 
ke and Sill com lex Dolerite,Hnd mtcrodtorlte,epidOlite, 
a bitite. atn zone consists entirely of sills and dykes. 
Diorite zone 
Upper gabbro zone Uralittc gabbro and Hnd gabbro 
Orrv-ine gabbro zone (Ol-Cpx-PI cumulates) Olivine 
decreases and pOit-cumul us hombl ende increases 
upward. 
Troctolite zone 
Cllnopyroxentte zone (mainly Ol-Cpx cumulates) 
Diapiric feldspathic-wehrlite masses cut the upper contact. 
Wehrlite zone (Ol-heteradcumulate and Ol-Cpx cumulates) 
I?~!'lte zone (Ol-adcumulate) 
SerpentInIzed dunlte and peridotite. Horzburgite sllven 
al ang L ions Head foul t. 
Miocene 
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a.mphibole. 
The dykes and sills are classified in two groups; an upper 
and lower dyke series. The upper series is an intrusive 
complex between the volcanic and plutonic sequences (Figure 
2.4.2) which are also crosscut by dykes. The upper series 
is mostly albitized, spilitized, uralitizediand epidotized 
dolerite and hornblende microdiorite with some thin dykes 
and veins of albitite in the top of the plutonic sequence. 
The intrusive complex is similar to S.l.C.s (Section 2.1.2.3) 
in several ways; in some sections no intervening wall rock 
remains and multiple dyking is cammon, but Hopson ~ !!., 
considered that it was originally a sill complex •. They suggested 
that the sheets were intruded subhorizontally beneath a passive 
roof of volcanic rock, contrasting this situation with active 
tensional rifting which permitted intrusion along vertical 
fissures elsewhere. Such a sill complex could have formed 
beneath an ocean rise at which spreading rate was very low, 
relative to magma production. However, there is a possibility 
that hydrothermal alteration and tectonic disturbance have 
merely disguised what was a dyke complex. 
The lower dyke series intrudes the divine-bearing plutonics. 
They are mostly olivine and orthopyroxene bearing microgabbros, 
these two minerals being absent in the upper dyke series. There 
are also minor siliceous members. The dykes are rodingitized 
where they crosscut serpentinized ultramafics but are otherwise 
unaltered. 
The volcanic zone is largely composed of pillowed and massive 
tholeiitic andesite and pyroxene basalt, now altered to 
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ilKeratophyre" and "spilite" • Hopson et al., distinguished 
. --
an upper zone with zeolitized olivine basalt and a lower 
zone metamorphosed at prehnite - pumpellyite racies and, 
lower down, greenschist facies. 
Red radiolarian chert occurs in the lower volcanic zone and 
grey limestone in the mpmost 30 m of the volcanic section. 
Tuff is absent from the volcanic sequence but tuffaceous 
bedded chert rests depositionally upon it. The composition 
of ~rse euhedra and microlites suggests a calc-alkaline 
source for the tephra. No other terriginous material is 
found. The age of the chert, based on radiolaria, is Late 
Jurassic, .. A U-Ph isotopic age of 160 my was determined rrom 
a zircon in a dyke intruding olivine gabbro. This date, 
which agrees with other radiometric age determinations rrom 
two other fragments of the Coast Range ophiolite (Lanphere 
1971), suggests an appreciable time-lapse between the rorma-
tion or the ophiolite at a mid-oceanic spreading centre and 
onset of sedimentation. The chert is overlain by distal 
turbidites in the lower G.V.S •. 
2.4.3.1. Plagiogranites at Point Sal 
Three types of plagiogranite are round in the Point Sal 
ophiolite; (i) the quartz diorite at the top of the plutonic 
sequence (ii) sparse sharp margined "albitite" veins in the 
plutonic sequence and {iii) occassional leucocratic ~ ~ 
veins in the hornblende gabbro. None of these types transgress 
the margins of the ophiolite, indeed, they are concentrated 
towards the top of the plutonic sequence. Their petrography 
is summarised in Table 2.4.1. 
Table 2.4.1 Summary of petrography of Point Sal upper 
plutonic complex 
Rock 
Type 
Quartz 
Diorite 
(Mimr 
tonalite) 
"Albitite" 
lbrnblende 
gabbro 
PyIOXene 
gal:bro 
(oorite) 
Primary 
Petrography 
Alteration 
PI, hnd, qz. ~ Op, sph, zrc PI all saussuritized 
Med. to fine grained. Euhedral except rims am intergrowth. 
to suJiledral pl. with unzoned Sane cz after pl. Interstitial. 
oore and narrow, zoned, ep. am rni.mr 2 ndy qz. 
albiticr:im which is oontinoow Fibrous pale green CIIPl 
with radial grarq;i'lyre. Also encloses fine grained OPe 
interstitial qz. anhedra. ~r chl, cal. SJ;il rims op 
GreEn brown tmd subhedra are and picks out exsol ved i1m. 
interstitial or SllboJ;ilitic. 
Proportion of qz. variable. 
PI. ~ Hnd?, S);¥l, q;>. 
Variable grainsize. M:>stly 
euhedral pl. Other p,ases 
anhedral. Brittle 
defomlation • 
~l all turbid. Fibrous 
8lIIi1. Preh Wills early 
fractures. ~ Wills 
later fractw:e. SJ;i1. 
PI, tmd, ± cpx, ~ op, qz. ~l partly tw:bid. AnPl 
Sane textures as qz diorite ~ft.:.&. cpx and hnd, also 
but IOOre variable grain size. ~ills miamlytic cavities. 
Sane e.g.s. are op - rich. pu. veins. Greenschist 
Pl, cpK, epe. ~~, qz. 
Mad. grained, thzoned pl 
subhedra, poikilitic pyx. 
very few aocs. 
I...J.. .......... are absent t"-~ • 
Fibrous ~. 
~ter cpx. 
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The maximum observed thickness of quartz diorite is 60 m, 
in a fault bounded wedge but it changes thickness and 
disappears laterally. The quartz diorite passes up into 
finer diorite which intrudes the base or the dyke complex 
and passes downwards into hornblende gabbro. The most 
quartz-rich "quartz diorite" would be most accurately 
described as a tonalite. Both gabbro and quartz diorite 
are intruded by dolerite and m~crodiorite dy~es •. T~e quartz 
diorite includes resistant 10 cm wide pods which are enriched 
in secondary quartz and epidote. 
Sporadic leucocratic veins of the same appearance as the 
in situ veins found in varitextured gabbros in other 
ophiolites (Section 2.1.2.1) are associated with coarser facies 
of the hornblende gabbro. The veins are now almost wholy 
replaced by prehnite but inclusions and remnants indicate they 
were originally composed of subhedral plagioclase and quartz 
with minor amphibole. It should be noted that the host gabbro 
is not prehnitised suggesting the alteration was caused by 
reaction with volatiles confined to the vein. 
The so-called "albitites" (Hopson.!! !l., 1975) occur in straight, 
sharp-margined veins up to 10 cm. thick, crosscutting hornblende 
gabbro. An albite granite (which was radiometrically dated) also 
intrudes olivine gabbro (Hopson et ~., 1975). The primary 
composition of the feldspar in these veins is obscured by . 
alteration but the analysis of one such vein shows it is rich 
in calcium as well as sodium and so was probably a leuodiorite 
originally. 
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One gabbro specimen, collected in situ near the waterline in 
the hornblende gabbro outcrop is a patchily amphibolitised 
norite with cumulus plagioclase and intercumulus orthopyroxene, 
clinopyroxene and rare olivine pseudomorphs. No cumulus 
textures are apparent in hand specimen but the chemical 
analysis supports the microscopic evidence. Previously, 
none of the cumulate gabbros and no orthopyroxene have been 
recognised in the northern outcrop. This finding supports 
the inferred original continuity or the two outcrops and 
suggests the thickness of the hornblende gabbro is not 
greatly curtailed. 
2.4.3.2 Other plagiogranites in the Coast Range ophiolite 
Descriptions of many of the ophiolite localities at the base 
of the Great Valley Sequence were summarised by Bailey ~ al., 
1970 and their chemistry described by Bailey and Blake(1974~ 
Plagiogranites occur at six or the ten localities, including 
those at Point Sal. Most of these are extrusive or intrusive 
"quartz keratophyre"· but diori te fragments appear in one 
volcanic breccia and, at another locality, prehnitised 
trondhjemitic aplite veins cross-cut hornblende gabbro. Bailey 
and Blake noted that the plagiogranites' field relations make 
it clear that they should be regarded as an integral part or 
the Coast Range ophiolite. The quartz keratophyres are commonly 
plagioclase and quartz phyric and, as in the Troodos porphyrys 
(Section 2.1), the quartz phenocrysts are much corroded. The 
primary mafic phase is hornblende, with minor biotite but the 
rocks arc ubitquitously altered and little of either survives 
(Bailey ~ ~., 1974). Another rragment or the Coast Range 
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ophiolite, at San Luis Obispo, was described by Page (1972). 
He interpreted II as a synclinally deformed remnant or 
Mesozoic ocean crust and overlying sediment which was dragged 
beneath Upper Cretaceous Great Valley sediments as a tectonic 
"raft" in the underlying Franciscan melange. The ophiolite 
consists or a tectonically bounded one kilometre slab of 
serpentinised harzburgite, overlain by 1.2 km. of basaltic 
pillow lavas and breccias. The lower part of the pillow 
pile ~ intruded by many dykes and sills or dolerite, gabbro, 
trondjemite and some quartz albitite. The sheets of quartz-
rich rock, up to 10 m thick, are all fine grained and composed 
of plagioclase with up to 40% quartz, orten in interstitial 
granophyre, and a little hornblende. K-feldspar is absent. 
Secondary clinozoisite and chlorite are present. Page regarded 
these plagiogranites as differentiates from the same basaltic 
magma as the lavas but pointed out they had been emplaced 
from a seperate (unobserved) location. 
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2.4.3.3 Geochemistry 
A limited number of major element analyses are available from 
Point Sal (Hopson et al., 1975) and the rest of the Coast 
Range ophiolite (Bailey and Blake 1974). The latter authors 
compared the compositions of a range of rock-types from the 
Coast Range ophiolite with specimens from other ophiolites 
and also from ocean ridges. They concluded that the various 
suites were fundamentally similar and identified two 
differentiation trends, often represented in the same area, 
which gave rise to iron-rich gabbros and amphibolites on one 
hand and silicic rock types on the other. Bailey and Blake 
(op. cit.) also found that the basalts from the Coast Range 
ophiolite were either Ti-rich ( > 1.8% Ti02 ) or Ti-poor 
«0.9% Ti02 ). On the basis of Ti and P distribution they 
decided the Ti-rich basalts are similar to those from ocean 
islands whereas the Ti-poor variety fall within the same 
range as ocean ridge basalts. 
Seven specinlens from Point Sal were analysed for major and 
trace elements for the present work (Appendix 1 ). The major 
element data are plotted with the published analyses of Ti-poor 
splites and keratophyres (Figure 2.4.3). There are insufficient 
trace element data to define a trend and these are not displayed. 
The chemistry of two prehnitised veins appears abnormal (very 
high Al
2
0) and CaD) but this is attributed to high modal 
plagioclase although there could also have been some ca-metasomatism 
Both veins are ~so very poor in Sr, Ba, Rb and Z~ probably 
depleted by hydrothermal activity. 
Figure 2.4.3 Variation diagrams :Point Sol ophiolite 
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Th<' composition 0.( the quartz diorites and dolerites falls 
within the same range as that of other Coast Range plagiogranites 
and lavas except for silica. The quartz diorites are less 
silica-rich than most of the keratophyres, readily explained by 
differing intensities of silica metasomatism. The geochemistry 
of the plagiogranites is similar to that described in previous 
sections (2.1.4, 2.2.3, 2.3.3) and is therefore consistent 
with the same interpretation • 
• 
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2.5 The Ballantrae Complex 
2.5.1 Introduction and Regional Geology 
The Ballantrae Complex lies on the Ayrshire Coast, near the 
northern Qdge of the Scottish Southern Uplands. It is a 
dismembered ophiolite (Church and Gayer 1973); largely 
serpentinite ~d pillow lava with associated dolerite, bedded 
chert, black shale, rare amphibolite, glaucophane schists and 
eclogite and in the north of the area, at Byne Hill, a gabbro 
-diorite-trondhjem'ite complex (I,l'igure .2.~.l) •. 
The Complex was first mentioned by Bonney (1878) and since 
then a considerable literature has grown around it. (e.g. 
Bailey and McCallien 1952, who describe the history of research 
in detail). Interest in the area was rekindled when the 
significance of ophiolites as possible fragments of ocean 
crust and their place in palaeogeographic reconstructions in 
the light of plate tectonics was realised. The concept of a 
lower Palaeozoic Proto-Atlantic ocean, whose closure resulted 
in the formatiqn of the Caledonian-Appalachian orogenic belt, 
was originated by Wilson (1966). Several authors then proposed 
models in which the Lower Palaeozoic ocean crust of the Proto-
Atlantic was consumed in either one (Fitton and Hughes 1970) or 
mor<' (Oewcy 1969, Bird, Dewey and Kidd 1971, Church and Gayer 
1971) subduction zones. The approximate poSition of these zones 
now marked, it was suggested, by eariy Ordovician ophiolites in 
Scotland (Ballantrae Complex and the Highland Border Series), 
Ireland, Newfoundland and the northeastern U.S.A. (Bird!l !!., 
1971) • 
o 
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Figure 2.5.1 Geological map of the Ballantrae Complex 
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Arenig graptolites have been found in the black shales within 
the Ballantrae pillows lavas (Walton 1965) and it is presently 
assumed that the other igneous formations in the main part of 
the Complex are of approximately the same age. However, 
Caradocian pillow lavas crop out to the south of the Stinchar 
Fault. (Walton~. cit.). The Complex is unconformably 
overlain by the Upper Ordovician (Caradoc) Barr Group, which 
contains ophiolite debris. (Williams 1962). The caradocian 
fossils in the Ballantrae area are more readily correlated with 
Appalachian rather than Welsh faunas. Moreover, faunal and 
sedimentary facies indic4te that the Girvan area lay close 
inshore during the Upper Ordovician, to the northwest of a 
major sedimenta,ry trough, contrasting with Lower Ordovician 
deep water conditions (Williams ~£!!.). 
The following interpretations of Caledonian-Appalachian ophiolites 
have been suggested; (i) Serpentinite intrusions and basalt 
extrusions into trench sediments (Dewey 22. cit. , Bird and Dewey 
1970) (ii) Layered complexes related to island arc volcanism 
(Bird and Dewey .2£. cit.) {iii) Overthrust sheets of oceanic 
lithosphere (Fitton and Hughes 22.cit., Stevens 1970, Church 
and Stevens 1970, 1971). (iv) Autochthounous remnants of small 
ocean basins (Dewey, 1971) (v) Oceanic crust formed in small 
marginal basins and subsequently overthrust onto the continent 
Bird ~ ~., 1971). Reviewing these alternatives, Church and 
Gayer (1973) emphasized the similarities between the lithologies 
found at Ballantrae and in the Newfoundland ophiolites, notably 
the occurrence of garnet amphibolite beneath peridotite in both 
areas. They inferred from its presence that the Ballantrae 
Complex is rulochthonous and was emplaced as young, thermally 
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immature oceanic lithosphere from either a narrow ocean basin 
or a behind-arc basin. 
Three attempts have been made to characterise the genetic 
environment of the Ballantrae pillow lavas by their immobile 
trace element content. Bloxham and Lewis (1972) found the 
lavas had tholeiitic affinities and considered they were 
probably remnants of ocean crust. However, on the basis 
of Ti, Zr and Cr content, they could not rule out an origin 
in an island arc. They reached the same conclusion using the 
REE. (Lewis and Bloxham 1977). Using Ti, Zr, Y and Nb, 
Wilkinson and Cann (1974) distinguished two genetic groups 
amongst the pillow lavas and dolerite; tholeiitic "hot-spot" 
basalts (i.e. intraplate basalts) and low-potassium island 
arc tholeii tf~s. The presence of the Byne Hill gabbro-trondhje-
mite suite and of limited examples of amphibolite and glaucophane 
schist with trace element content similar to ocean floor basalt 
suggested to Wilkinson and Cann (£E. £!!.) that the pillow 
lavas were erupted onto oceanic, rather than continental crust. 
They also considered it likely that the intraplate basalts were 
formed at some distance from an island arc and carried into 
tectonic contact with the island arc tholeiites. In this 
context it should be noted that the common clasts of acid extrusive 
material in the Upp(~r Ordovician and Silurian greywackes of the 
Southern Uplands indicate that not all volcanicity in the region 
was basaltic (Walton, 1965). 
In summary, it appears that the Ballantrae Complex probably 
represents ocean crust that was formed in a marginal ocean basin 
and became the basement to island arc volcanicity. 
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2.5.2 Plagiogranite at Ballantrae 
2.5.2.1 Introduction 
Several outcrops of gabbro are associated with the Ballantrae 
pillow lavas and serpentinite but plagiogranite only occurs with 
two of them. As noted by Bloxham (1968) the best exposures 
are on Byne lIill, one of four hills formed of gabbro in the 
north of the Complex, although there are also some poor 
exposures on the nearby Grey Hill. Small amounts of "albite 
granite" crop out on Knockormal Hill, near the centre of the 
Complex (Balsillie, 1937). 
The large scale geological maps of Syne Hill and environs 
produced by Bloxham (1968) and Neary (1967) were used during 
fieldwork. 
2.5.2.2 Field Relations 
The bulk of the Byne Hill-Grey Hill intrusion is composed of 
gabbro which on two hills is capped by a sub-horizontal sheet 
of trondhjemite. On Byne Hill the g ... bbro and trondhjemite are 
seperated by 3 to 5 m. of leucodiorite but this does not occur 
on Grey Hill. The gabbro is varitextured, coarse to medium 
grained with leucocractic pods (upto 70 cm. diameter) and 
masses of fibrous amphibole (up to 10 cm. in diameter). There 
is no cumulus layering in the gabbro. The amphibole clots are 
most common close to'the gabbro/diorite contact, which is a 
rapid transition over a metre or so. Diffuse veinlets of 
coarse feldspar and gabbro pegmatite occur in the lowermost 
diorite which is also less leucocratic than the rest of the 
plagiogranite. The contact between gabbro and trondhjemite on 
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Grey Hill, where the diorite is absent, is a rapid transition, 
albeit poorly exposed. Although the proportion of quartz in 
the plagiogranites varies and quartz diorite does exist, the 
leucodiorite/trondhjemite contact across the south side of 
Byne Hill is sharp. The shape of the contact surface is 
sometimes highly irregular and pure feldspar enclosures 
appear in the trondjemite and quartz-rich patches in the 
leucodiorite within a few metres of the contact. However, 
there is always a distinct line to be drawn between a quartz-
rich and a quartz-poor rock. There is no chilling at the 
contact and nothing to suggest that the relationship is that 
of a liquid intruding a solid. Sparse pegmatitic and aplitic 
veinlets occur throughout the trondhjemite. 
Both gabbro 'and plagiogranite are intruded by occassional 
dolerite dykes which are up to 1 m. thick over a maximum 
observed length of 10 m •• However, the dykes could be either 
Ordovician or Tertiary in age. 
The Byne Hill-Grey Hill gabbro-plagiogranite body intrudes 
serpentinite, originally a spinel harzburgite, and is faulted 
against pillow lavas. (Figure 2.5.2). The gabbro is chilled 
against serpentinite and is partially rodingitized at the 
contact. 
The gabbro-plagiogranite intrusion is unconformably overlain 
by the Benan Conglomerate (part of the Caradocian Barr Group) 
which contains a great variety of well-rounded clasts up to 
1 m. long in a sandy matrix. Conspicuous pink granite cobbles 
occur as well as locally derived gabbro, lava and sedimentary 
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detritus. The pink granite is rich in K-feldspar (perthite) 
and is thus quite unlike the Byne Hill plagiogranites. The 
provenance of such a granite in this area in Caradocian times' 
is problematic (Walton, 1956) although there are a number of 
pre-Caledonian metamorphism granites in the Scottish Highlands 
(e.g. Pankhurst and Pidgeon 1976). The absence of high grade 
gneiss cla.sts discounts a source in Lewisian-style basement. 
2.5.2.3 Petrography 
Microscopic study reveals several varieties of gabbro and 
plagiogranite (Table 2.5.1). The gabbro can be dominated by 
either clinopyroxene or primary hornblende and pyroxene is 
sometimes completely absent, especially close to the diorite 
contact. Bloxham (1968) records accessory olivine from the 
pyroxene gabbro. 
The mineralogical alteration of the gabbro is patchy, often 
on a small scale, except immediately below the leucodiorite 
where the gabbro is more uniformly and intensly altered than 
, 
elsewhere. Bloxham (£E cit.) called this zone "dioritic 
hornblende gabbro" but as the rock has more affinity with 
the gabbro than the diorite the self-contradictory prefix is 
abandoned. 
The most idiomorphic major phase in the Syne Hill suite is 
always plagioclase and it provides a reference in the sequence 
of c~ystallization of , the accessory phases (Table 2.5.1). In 
the gabbros the mafic and accessory phases form in the interstices 
between plagioclase euhedra. The change from gabbro to diorite, 
Table 2.5.1 S\.lIlIl'aIY of petrography of Byne Hill 
Rock 
type 
Gabbro 
Diorite 
Primary 
Petrography 
Alteration 
P1 *, cpx, hnd, Acc Op, 01, Local saus in pl. 
biot, ape Proportions rather sane zones rem:lin pellucid. 
variable. Med. to coarse. Fibrous anPl with assoc. 
Fine at oontact with fine OPe after cpx and hnd. 
serpentinite. Enhedral p1 Mioor chl. SPl after OPe 
ophiticaUy enclosed in 
mafies. Pl weakly zoned, s:ma 
reverse zones. Hnd is green 
am/or brown, sane fringes and 
intergrowths with cpx. 
P1 *, biot ~ Hnd, ap*, op* 
Med. grained, sutbedral pl, 
~ly zcned. Euhedral ap 
very abundant. Op is 
resorbed. 
Pl all tumid except 
Ab rims. OiL after biot. 
Sph after op, especially 
alalg exsolut1on lamellae. 
Cataclastic textures ca:moo. 
____ oI--------------tCal infills fractures ani 
LeUCD-
diorite 
Trald-
hjem1te 
Pl.* ~ Biot, qz, ap*, op, 
zrc. Med grained, subhedral 
p1, weakly zooed. 
Pl*, qz*, ~ Biot, ap*, op, 
zrc. sul::tledral to anhedral 
pl, interstitial qz, rare 
granoPlyre· 
interstices. Pl:eh rc:settes in 
voids. 
2ndy qz nucleates 00 
primary qz. Othel:w1se as 
for diorites. 
*Indicates an early fomed and/or liquidus P'lase. 
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mainly aD increase in the proportion of feldspar, is accompanied 
by a change in the primary mafic phase from hornblende to 
biotite and also the appearance of apatite on the liquidus. A 
relatively mafic diorite which crops out immediately above the 
gabbro has unusual quanti ties of cpa ti te some of which is 
enclosed in opaques. The opaques were partly resorbed and then 
both phases were enclosed in plagioclase. The leucodiorite 
above has only rare apatite and opaque phases but apatite is 
again enclosed in euhedral plagioclase, whereas the opaques are 
interstitial, with biotite and zircon. Trondhjemite which crops 
out just above (and within) the leucodiorite is only distinguished 
from it by the presence of quartz and, according to Bloxham, 
hornblende as interstitial phases. However, trondhjemite near 
the top of the hill has less idiomorphic plagioclase which 
encloses apatite and zircon. Here plagioclase/quartz crystal 
boundaries are of two types; those which indicate plagioclase 
preceded quartz and those which suggest that the two minerals 
crystallized simultaneously. Thus only the higher (later) 
trondhjemite represents a composition which is strictly on the 
"liquid line eX descent", all the other rock types are composed 
of accumulations of the earlier formed crystals with a certain 
(unknown) proportion of residual liquid. 
Bloxham (19614) suggested two possibilities for the origin of 
thc! millie diorit(~; fractional crystallh:ation or hybridisation, 
dnd pointed out that the two processes cannot be easily 
distinguished by either mineralogical or chemical criteria. 
He concluded on the basis of textural criteria that the diorite 
is a hybrid, "originated from reaction between crystalline gabbro 
and a silica-sodium-rich liquid". However, I have observed no 
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textures which cannot be explained by differentiation of a 
basic magma or subsequent hydrothermal alteration of' the 
differentiates and see no need to invoke an additional 
hybridization process. 
2.5.3 Geochemistry 
2.5.3.1 Introduction 
Major and trace clement abundances determined during this 
study are given in Appendix 1 and Figure 2.5.3. Analyses 
of the Byne Hill suite from Bloxham (1968) and Neary (1967) 
are also shown on Figure 2.5.3. These data, determined in 
different laboratories are, with the exception of Zr 
a~undances, in good agreement. One set of Zr values was 
consistently higher than the others and was therefore not 
used. A high proportion of calcite in two of the analysed 
specimens, both diorites, is part of the cause of their low 
oxide sums (Appendix 1) and this source of inaccuracy was 
borne in mind in the interpretation of their geochemistry. 
2.5.3.2 Metasomatism 
The ubitquitous presence of hydrous secondary minerals suggests 
that the Hyne lIill suite may have been chemically modif'ied 
during hydrothermal metamorphism. Secondary silica appears 
in the trondhjcmites and so some of the high silica abundances 
may include a scconG~ry component. However, all the other 
analysed specimens have a similar proportion of the same kind 
0,£ secondary minerals and there are too few determinations of' 
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the immobile trace elements to detect differential metasomatism 
if it has occurred. Very low levels of K20, sa and Rb, 
especially in some diorites, is probably due to the ch1oritiza-
tion of biotite. 
Chemical mobility in and around the peridotite during serpentiniza-
tion is an additional effect which could have changed the chemistry 
of the Byne Hill intrusion. Neary (~ • .£!.!.) analysed two gabbros 
which crop out within one metre of the serpentinite. Compared 
to all the other gabbros, they have very high CaO and low Si02 , 
A1
2
0 3 , Na 20, K20, Sr and Sa, characteristics due to rodingitiza-
tion. No other analysed specimens have this pattern of altera~ 
tion and are therefore assumed to have been unaffected by 
serpentinization. Specimens which are obviously affected by 
recent weathering or which are stained red (pre-Benan conglomerate 
weathering) were not analysed. 
2.5.3.3 Major and Trace Etement Geochemistry 
Excluding the effects of alteration, the sequence of fractional 
crystallization deduced for the Byne Hill basic parental magma 
from petrographic evidence can account for the observed 
geochemical distribution. 
Two C1xamples 0.[ pyroxene gabbro have very low absolute abundances 
of Si0
2
, Ti02 , Zr, Y, Ba and Zn and low Fea
l )! and MnO and high 
1\.1
2
°3' CaO and MgO relative to the other gabbros; they are 
largely composed of calcic plagioclase and iron-poor pyroxene 
with very little contribution from any residual liquid •. Amongst 
the remaining gabbros, which are regarded as crystal mUShes, 
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MnO, Nil20, K}), P205' Zr and Yare positively correlated 
wi th Si02 whcH~a.s MgO and CaO exhibit a negative correIa tion. 
Fe20 3* and Ti02 tend to increase with Si02 but are also 
strongly enriched in three silica-poor gabbros with accumulated 
FeTioxides. 
These trends continue towards two P20S-rich diorites which 
represent the apatite-rich diorite at the base of the 
plagiogranite sequence. These diorites plot at reversals 
or inflexions on the binary diagrams. Early precipitation of 
apatite at this point depletes the liquid in P20 S • Apatite 
also fractionates Y and zircon, Zr and these are subsequently 
depleted in successive liquidS. Abundant Al 20 3 and Na20 in the 
leucodiorites relative to the trondhjemites reflects their 
accumulation of sodic plagioclase. 
The relative distribution of K20 is problematic. The 
leucodiorites have negligible K20 but it is present in at least 
detectable amounts in the trondhjemites. Biotite has been 
altered to chlorite in both leucodiorite-and trondhjemite and 
if this is the cause of potassium depletion in the diorite it 
would be expected that the trondhjemite would also be depleted. 
This can be explained if two plausible conditions are fulfilled; 
(i) the dorite's potaSSium was originally contained mostly in 
interstitial biotite whereas the trondhjemites' was contained 
in both sodic plagioclase and biotite (ii) chloritization of 
biotite eliminates potassium from the crystal whereas the 
hydrothermal alteration of plagioclase does not. 
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2.5.3.4 REE Geochemistry 
Lewis e·t al., (1977) found that the Arenig lavas in the main 
8allantrae Complex were LRE depleted, whereas the Caradocian 
lavas to -I;he south were LRE enriched. Three specimens from 
Byne Hill, a trondhjemite, a leucodiorite and a gabbro, were 
analysed for the REE (Figure 2.5.4). The Byne Hill suite has 
similar LRE depleted profileS to the Arenig pillow lavas, 
suggesting they have a similar origin and therefore supporting 
the proposal that the 8yne Hill intrusion is of Arenig age. 
The Byne lIill plutonics have stronger Eu anomalies that the 
Arenig lavas. Moreover, the gabbro has very low abundances 
of REE and HI, somewhat less than the most primitive basalt, 
supporting the earlier suggestion that its composition is dominated 
by cumulate plagioclase ~d pyroxene and not by intercumulus 
liquid. The positive E~ anomaly is consistent with plagioclase 
accumulation. The more fractionated nature of the plagiogranites 
is afri rmed by their grea ter ~ RE content and suggests that, 
unlike the gabbro, their trace element composition is dominated 
by interstitial liquid. If the plagiogranites were plagioclase 
cumulates without trace element rich interstitial phases, for 
insta.nce, one would expect them to have low ~RE. Although 
the leucodiorite seemingly has a high proportion of accumulated 
feldspar, this does not offset the negative Eu anomaly in the 
interstitial liquid, inherited ~om plagioclase fractionation in 
the gabbros. The difference in the Eu anomaly in the leucodiorite 
and trondhjemite could be due to the behaviour of Eu in apatite. 
(Figure 2.1.1). As Eu partition coefficients between apatite 
and liquid are ~omalouslY,low, accumulation of that phase 
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(expected in the lcucodiorite) would tend to increase and 
fractionation (expected in the trondhjemite) to decrease 
the size of a. negative Eu anomaly. 
Figure 2.5.4 RE profiles: Bollontroe Complex 
(!) BY12 Gabbro 
)( BY18 Trondhjemite 
• BY9 Leucodiorite 
o Arenig lavas from Lewis and Bloxham 1977 
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2. 6 Ot her plillJ iOCjrani t(>s 
2.6.1 Introduction 
So far in Chapter, the granitic rocks found in five ophiolites 
with three distinct ages and from three orogenic belts have 
been described. Section 2.6 is a brief listing of other 
occurrences of plagiogranites from many parts of the world 
in support of the contention that they are a widespread, if 
volumetricalJy minor, component of ophiolites. The descrip-
tions in the previous five sections have indicated that 
"plagiogri\ni te" encompasses a variety of types but that the 
same compositions, textures and field associations tend to 
recur in each ophiolite (Section 3.1). To avoid repitition, 
only unusual plagiogranite types will be described specially 
in this section. 
2.6.2 Ophiolite plagiogranites 
Ophiolite assemblages which include p1agiogranite are found 
in the Eocambrian; Jabal a1 Wask, Saudi Arabia (Bakor ~ a1., 
1976) and Bou Azzer, Morocco (Leblanc 1976 ), in the Palaeozoic; 
The lizard, Cornwall, England (Green 1964), Bay of Islands 
(Irvine!! ~., 1972) and Betts Cove, (Mattinson 1975) both in 
Newfoundland, in the Mesozoic; Montgenevre, Western Alps 
(Pusztaszcri 1969) Corsica (Becca1uva !! a1., 1977), Vourinos, 
Greece (Moores 1969), Guevgue1i, Greece/Yugoslavia (Bebien 1977), 
BilCr-Bc"lssit, Syria/Turkey (parrot 1977), Papua New Guinea, 
(Davies 1(71) Canyon Mountain, Oregon (Thayer and Himme1berg 
1968) ilnd South G(mrgia (Storey .£!. ~., 1977) and in the 
Tertiary; East Taiwan (Liou,£,! a1., 1977), New Caledonia 
(Black ~ ~., 1977), South Alaska (Tysdal ~ !l., 1977), Dun 
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Mountain Belt (Coombs et al., 1976) and North cape complex 
(Bennett, 1976), both in New Zealand. In some areas 
plagiogranite is found m clastic breccias (e.g. East Taiwan) 
or only in tectonic melanges. (e.g. New Caledonia). 
In addition, there are many ophiolites without any acidic 
members at all. In most areas this could be due to 
incompleteness by dismemberment or non-exposure but the 
following are fairly complete ophiolite assemblages without 
plagiogranites; Pindos, Greece (Montigny et ~., 1973), 
Antalya, Turkey (Juteau 1975), Southern Chile (Stern ~ ~., 
1976), Mings Bight, Newfoundland (Norman ~ ~., 1975). 
There are two types of granitic rock in the Lizard ophiolite 
(Green £e E!!.). The more restricted is leucocratic diorite 
which intrudes gabbro and dolerite near Porthoustock village. 
It was described by Brown (1976) as being composed of 
saussuritized, zoned andesine/oligoclase with some fibrous 
amphibole and accessory opaque, sphene and zircon. No 
quartz or K- feldspar is present. The diorite contrasts 
strongly with the more widely distributed Kennack Gneiss in 
both mineralogy and field relationship. The misnamed Gneiss 
includes small bosses of undeformed microgranite and also 
sheared and/or contaminated dykes and veins in basic migmatite, 
amphibolite, gabbro and peridotite. (Green ~ .£!!.). 
Typically, it is composed of quartz, oligoclase, orthoclase and 
biotite. Strong ~ al., (1975) suggested the Kennack Gneiss 
formed by partial melting of the amphibolite and this interpreta-
tion is a::cepted here. If th is is so, the contrast between 
the two granitic suites implies the plagiogranites were not 
formed by partial melting of a basaltic parent. 
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tlighly sodic plagiogranites in Oregon were reported by 
Thayer (2E.cit.). The rocks are a trondjemite with zoned 
plagioclase of ~n15 or ~ss and albite granite composed of 
quartz and albite with minor chlorite and epidote. The 
albitegranite has replacement and cataclastic textures and is 
associated with metamorphosed dolerite. However, it seems probable 
that the oligoclase in the trondhjemite is primary although it 
is usual for plagiogranite ~eldspars to be zoned from labradorite 
or andesine to oligoclase and albite. The Canyon Mountain 
trondhjemite therefore appears to be evolved acidic liquid from 
which earlier more calcic plagioclase nuclei have been removed. 
Thc' Ea.st Pil.puan ophiolite is a sheet of peridotite, gabbro and 
basalt thrust over metamorphosed Mesozoic sediments during the 
early Tertiary (Davies £E cit.). It has no dyke complex and 
the gabbros intrude the base or a 5 kID. volcanic sequence which 
varies from basaltic to dacitic compositions. There are 
numerouS stocks of tonalite up to 5 krn. across which intrude 
both gabbro and basalt, commonly along their mutual contact, 
and also the peridotite. Th(~ tonalite has a typical plagio-
granite mineralogy with accessory biotite. Davies (£2. £!!) 
suggested that some of the smaller bodies are silicic 
differentiates. The ophiolite is Upper Cretaceous in age 
(radiolarian and radiometric ages, Davies.2£- ill.) whereas 
K-Ar dates indicate an Eocene age for some of the larger 
tonalites, which were therefore intruded close to the 
emplacement dat·~ (52 my.) (Coleman 1977, p. 192). However, 
none of the granitic r~cks transgress the basalt thrust or 
major rault zones within the ophiolite. 
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2.6.3 Island arc plagiogranites 
1\ few examples of p.agiograni te from modern island arcs have 
been described. The Japanese Miocene Tanzawa plutonic complex 
(20 km.x 5 km.) is composed of tonalite and trondhjemite with 
associated minor gabbro, intruding a thick submarine sequence 
of andesitic and basaltic lava, tuff and breccia. (Ishizaka 
and yanagi 1977). The tonalites ~e composed of zoned 
plagioclase, quartz and amphibole with minor biotite. 
Pyroxene appears in some melanocratic types. No K-feldspar is 
found. The analysed specimens were fresh and free from 
. 87 86 
alterat10n and have low K, Rb, K20/Na20, Rb/Sr and Sri Sr 
and high K/Rb (Table 2.6.1). 
The earliest phase of volcanism on Viti Levu, Fiji, is 
represented by a submarine series of island arc tholeiite, 
andesite,rhyolite, spilite and keratophyre (Gill 1970, 1976). 
This is intruded by penecontemporaneous trondhjemite and 
olivine gabbro plutons. The trondhjemite consists 60-80% strongly 
zoned plagioclase with sodic rims intergrown with quartz and less 
than 10% hornbl(~nde and/or biotite with rare hypersthene. 
Epidote, chlorite, calcite and sericite are common. Both 
island arc tholeiites and plutons are unconformably overlain 
by later calc-alkalin~ extrusives. Low alumina, LIL-depleted 
dacites, the ~trusive equival~nt of these trondhjemites, occur 
on Eua, Tonga (Ewart and Bryan 1972). 
Minor intrusions of low-K quartz diorite cut through the lavas 
of the Izu-lIakone quartz tholeiite province, Japan. {Aoki and 
Geochemistry of island arc p1a"giograni tes 
R20% 
Rb ppm 
Ba ppm 
Sr ppm 
K/Rb 
1 
18 
0.6 
3.9 
169 
187 
1282 
K2°/, 0.16 Na20 
87Sr I 86 Sr 
RE 
Minerals 
Altered? No 
2 
1 
0.31 
4.6 
304 
553 
0.11 
0.7037 
3 
1 
0.52 
7.9 
239 
548 
0.13 
0.7037 
LRE enriched 
La/yb = 2.0 
No No 
4 
1 
0.82 
12.1 
209 
561 
0.21 
0.7037 
No 
5 
1 
0.24 
1.9 
42 
123 
1068 
0.04 
0.7044 
La/Yb 
= 4.8 
Yes 
6 
9 
1.12 
20 
536 
473 
0.17 
0.7051 
7 
4 
0.13-0.85 
<1-8 
56-461 
89-189 
Yes 
8 
43 
0.01-0.75 
<1-6 
<4-140 
50-230 
663-1660 
LRE 
depleted 
Yes 
>-3 
OJ 
0"' 
I-' 
(1) 
N 
C"I 
I-' 
1. Western Sayan, Popo1itov et al. (1973),2, 3, 4. Tanzawa Complex, Ishizaka and Yanagi (1977) 
5. Vita Levu, Gill (1970), 6. Dai, Ishizaka and Yanagi (1975) 7. Smartville later plagiogranites 
8. Ophiolite plagiogranites 
._---- ?-'~'--~--- .. ~-
-100-
Kuno, 197;.!). Fragments of similar quartz diori te and also 
ollvim' ~.Jilbl>ro hitvc be(m erupted from volcanoes in the 
region. The quartz diorites are mostly composed of 
plagiocl~se and quartz with subordinate pyroxene and accessory 
iron orc, K {C'ldspar and apc'"ltite. Fayalitic olivine is 
sometim(~s found as well. Equiwllent dacites are mentioned 
by yajima £! al., (1972). Small dykes and blocks of 
trondhjemite occur in a serpentinite mass in the Oai area, 
s.w. Japan (Ishizaka and yanagi 1975). 
Poplitov ct ,"\1., (1973) mention "several thousand square 
kilometres" of LIL-depleted plagiogranite in the Western 
sayan region of the U.S.S.R •• It is associated with Cambrian 
mafic and felsic volcanics, chert, shhle and IIa;Lpine-type" 
peridoti te. Popoli tov et al., appear to believe that the 
plagiogranites formed by partial melting of volatile enriched 
mantle above a subduction zone. 
2.6.4 Comparison of ophiolite and island arc pla~ogranites 
The most obvious contrast between plagiogranites with these 
two associations is the occurrence of island arc plagiogranites 
in large &ocks (}-5 km. diameter) which often intrude 
volCc1.no<](mic sedimontary sequences. Some island arc plagiograni tes 
arp. ~~trographically unaltered and have anhydrous mafic minerals 
but the two types have very similar chemistry. The only signifi-
cant differences are in Rb, Sr and RE content. Although K20 
is m the same range, Rb tends to be richer in island arc 
plagiogranites and so K/Rb is lower for some examples (Fig. 3.2). 
A Rb/Sr distribution diagram (Fig. 3.3) suggests there is a 
range in island arc plagiogranite compositions which is analogous 
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to the range from low potassium to calc-alkaline volcanic series. 
The Rb/Sr diagram must be interpreted with the qualification 
that whereas ophiolite plagiogranites are invariably 
hydrothermally altered, those in island arcs are sometimes 
not. Jlowever, the specimens from the Dai area are altered and 
yet maintain a moderate Rb content. (Figure 3.3). The RE 
elements ~e not so sensitive to alteration. Island arc 
plagiogranites ~e LRE enriched while most ophiolite plagiogranites 
are LRE depleted. Assessed by field occurrence and Rb and RE 
content, the later ~agiogranites at Smartville resemble the 
island arc wpe more than the ophiolite type (Section 2.3.3.4). 
Some island arc plagiogranites could be differentiates of low 
_ potassium tholeiite magmas. However, the large volume of 
other examples suggests that they formed in the mantle by a 
small degree of partial melting in analogous fashion to the 
batholiths of the Andean Cordillera (Brown, 1977). 
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2.7 Plagiogranites from the ocean crust 
2.7.1 Introduction 
--
Rock types similar to those found in ophiolites have been 
recovC'red from the floors of ocean basins. (Section 1.1). 
Indeed, this is one of the critical pieces of evidence in the 
interpretation of ophiolites as ancient ocean crust. This 
similarity includes acidic differentiates; a small number 
of plagiogranite specimens having been dredged from the 
ocean floor. The purpose of this section is to review all 
such discoveries and describe their association, petrography 
and chemistry. Plagiogranites from present day ocean basins 
can no longer be collectively referred to as "oceanic 
plagiogranites", (Coleman, et al., 1975) instead it is proposed 
that the collective "ocean-crust plagiogranites" should be 
used to distinguish them from "ophiolite plagiogranites". Acidic 
rocks from volcanic islands are not considered. 
Plagiogranites have been obtained from only eight localities on 
the ocean floor. This is a very small number when, to date, there 
have been about 500 DSDP boreholes and in the order of 10,000 
dredge hauls. Aumento (1969) reports that 45 dredges were made 
in an areil of th(? North A tlant ic 250 km. by 150 km. before 
plagiograni tes w(~re discovered. The small number of samples is 
seemingly an indication that plagiogranite forms an even smaller 
proportion of the ocean crust than of most ophiolites. This is 
probably 'due to the fact that, with few exceptions, only the 
shallow levels of the oceanic crust have been sampled ano also, 
perhaps, that ophiolites are not representative of processes 
within major oceans but are back-arc ift origin. 
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2.7.2 Ocean-crust plagiogranites 
The first plagiogranites from the ocean crust to be recognised 
as such were descibed from the Mid Atlantic Ridge (MAR) at 
o 45 N (Aumcnto 1<)69). Aumento suggested several criteria of 
wide application by which to distinguish locally derived 
granitic rocks from ice-rafted continental material. The 
oceanic specimens are angular and sometimes have fresh broken 
surfaces. They have outer weathered zones and thick 
ferromanganoan crusts, indicating they have rested on the sea-
floor [or a long period. By contrast, other granitic fragments 
are well rounded, sometimes with glacial striae and have no 
weathering or F'eMn crust. Their continental origin has been 
confirmed in some cases by their radiometric age and isotopic 
composition. 
The plagiogranites from 4SoN; diorite, quartz diorite and 
trondhjemite, were collected from a scarp-face on an upthrust 
block and were ~sociated with basalt, basalt breccia and 
serpentinized gabbros and peridotites. They enclose marie 
and ul tramilfic xenoli ths and also vary in colour index. Their 
petrography (Tahle> 2.7.1) is very similar to that of ophiolite 
plagiogran.it<.'s but som<' K-feldspar with sodic plagioclase rims 
is found in the trondhjemites. Albite rims on the plagioclase 
sometimes include thin orthoclase lamellae (Aumento o~cit.). 
A dredge haul of gabbros from the ~R near 240 N included one 
specimen of sodic aplite (Miyashiro, Shido and Ewing 1970). 
M"yashiro ct al., suggested the gabbro magma differentiated by 1. _-
low pressure fractionation or olivine and plagioclase to form 
Table 2.7.1 Petrography of ocean-crust plagiogranites 
Locality, rock-type, petrography 
° 1. MAR 45 N, 70% zoned pI, An 40 - An20, with ab rims, rare 
Diorite K-feldspar cores. 20% primary green hnd, some 
relict cpx cores. Minor red-brown biot. Acc 
qz, mag, ap, zrc, sph, allanite. Ap, op are 
early phases. Alteration generally mild. Some 
sa us, chI. 
Qz Diorite As diorite, with more Qz. 
Trondhjemite As diorite with 30% Qz, no hnd. Zoned pl, 
An 20 - An 5. 5% Biot. 
2. MAR 0°, Romanche Fracture. Quartz Diorite 
PI, qz, biot. Secondary act, chl, hnd. 
Cataclastic texture. 
3. f.f\R 220 S Leucodiorite. 87% Pl, An 30, 10% qz, 
2% hnd, 1% OPe 
Trondhjemite. 55% Pl, An 35 - An 30, 35% qz, 
5% hnd, 3% op, 1% sph, 1% act. 
4. Surtsey, Iceland. Xenoliths. Quartz diorite. 85% pl, 
10% qz. 
Trondhjemite, 55% pl, 35% qz. Both with minor 
micropegmatite, X-feldspar, cpx, zrc, glass. 
Argo F.Z.Leucoquartz monzonite. Fine grained, pink 5. 
micropegmatitlc. Qz, euhedral/subhedral 
oligoclase, K-feldspar. !££ Biot, hnd, ap, mag, 
Table 2.71 c9ntinued 
sph, zrc. In veinlet which chills on 
"granophyric diabase". 
. 
"Granophyric diabase", Med. grained, amphibolitized, with 
Aplite. 
granophyric texture. Qz, alhitized andesine, 
hnd, or, ep and abundant ape 
Fine grained, micropegmatitic, pale green, Qz, 
oligoclase, minor amph, aegirine augite. Acc 
Ap, sph, chl, euhedral zrc. 
1. Aumento, 1969. 2. Bonatti ~ al., 1970. 
3. Christensen, 1977. 
and Fisher, 1975. 
4. Sigurdsson, 1977. s. Engel 
I 
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the observed iron-titanium enriched gabbros and the aplite. 
Tra.ns form [a.u 1 t zon0S often pxpose sections through the 
ocean crust. Bonet t t ictal., (1970) describe harzburgi te 
-- , 
lherzolite, dunite and plagioclase peridotite dredged from 
the base of the north wall of the Romanche Fracture, 
Equatorial MAR. Gabbros, dolerites and basalts metamorphosed 
in greenschist and amphibolite facies were sampled from higher 
up the wall. A vein of quartz diorite was found in one of the 
uratilized gabbros. A leucodiorite and a trondhjemite were 
dredged from the MAR at 22°5. (Christensen 1977). 
• I 
Xenoliths in extrusives on Surtsey, Iceland, include plagiogranites 
and ~so a range of refractory materials which are the residue 
of partly melted plagiogranite (Sigurdsson 1968, 1977). Askja, 
in the eastern volcanic zone of Iceland, has also ejected 
partly melted plagiogranites. They are quartz diorites and 
trondhjemites, with variable amounts of interstitial glass, 
the product of partial melting. The occurence of minor 
clinopyroxene is interesting in comparison to trondhjemites 
from ophiolites, in which the primary mafic phase is invariably 
hydrous. To d,l te, only one locality in the Indian Ocean, the 
Argo Fracture Zone (F.Z.) on the Central Indian Ridge, has 
yielded pla.giograni teo (Engel and Fisher 1975). It is 
associated with serpentinized harzburgite and lherzolite, 
two-pyroxene gabbro, norite, FeTi gabbro and hornblende gabbro. 
The plagiogranites are a fine grained quartz monzonite vein 
cutting a mediwn gridned granophyric quartz diorite and a fine 
grained aplite. Engpl and Fisher (op. cit.) regarded the 
plagiogranites as differentiates of shallow intrusive strati-
form complexes in the Central Indian Ridge. 
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Ishizaka and yanagi (1975) described plagiogranites from the 
pacific, dredged from a seamount on the Kyushu-palau Ridge, 
500 km. south of .Japan. The specimens are angular fragments 
of quartz diorite with a thick ferromanganoan coating. However, 
Uyeda et al., (1974) believe the Kyushu-Palau Ridge is an 
isla.nd arc. Miltsucta ~ al., (1975) report a single plagiogranite 
specimen from the nearby Amami Plateau. Potassic granites 
dredged from the A ves Rise, in the Caribbean, (Walker ~ al., 1972) 
are probably related to destructive ~rgin magmatism. 
2.7.3 Geochemistry of ocean-crust plagiogranites 
The published whole rock analyses of deepwater plagiogranites 
are msplayed on chemical variation diagrams with analyses of 
basalts and pyroxene, hornblende and Fe-Ti rich gabbros i.e. 
an analogous suite to that displayed in previous sections. 
These diagrams must be interpreted with some reserve for they 
represent samples of largely unknown "field" relationships 
from widely isolated ~eas. Although the analyses may be 
representative of certain dredge hauls, they are unlikely to 
be representative of the oceanic lithosphere as a whole. 
However, only analyses of gabbros and basalts which are 
spatially related to the plagiogranites are ~ven (Fig. 2.7.1). 
I\.s noted (~lsewhen~ (Miyashiro ~ ~., 1970, Thompson 1973), the 
gil.bbros and bilsal ts (all on it tholeii tic differentiation trend, 
leading to strong cmrichment in iron and titanium. The ocean-
crus t plagiograni tos cle."\rly define the subsequent iron-titanium 
depletion and alkali enrichment, although some of the more 
silicic types are potassium depleted. The main exception is 
the Argo F.Z. quartz monzonite (Engel and Fisher 1975) which 
w+% 
.3 
2 
IS 
10 
5 
04 
o·~ 
0·2 
0·1 
0 J:J 
Figure 2.7. 1 Variation diagrams: Ocean-aust plagiogranites 
Vv +5 Ti02 v v 
vV 
v 
+Il. v 
.," - -.. ........... +1 
... ..... 
---VO .... .... 
-- til , ... C 
-- - -'il + v ilO vQ --tJ.t--_+3 
0 
v v 
v~ v +S \O+~( 
~ ",.. ... - ....... --- iro,,"o.s ...... .... ...... 
.... ..... 
.... ' ''0 ...... Fc20 3 " +1 
...... 
c 0 -..... 
..... 
... +11 
..... 
+10 +1 " +~" ....... 3 
+, " 
+5 
+1 t;°s 
... -, 
-
-
--
+J.t 
--
p a CD -- +/0 
5'0 
'" 5 i 02., '-o)t % 
___ G£Io'\.e('o.. (~'2..e.cl \lo..('iq+,o~ +t'&II\.c:t o~ T~os>cAo~ UfPtt~ 
PI\A+o~~ c COlN\..rl~?C. (F~::::JAC4l.. 2. l. t.,..) 
Key to ocean-crust plagi~ranftes 
-r 1.Quartz diorite MAR 45 N Aumento 1969 
+ 2. Trondhjemite 
... 3.Aplite MAR 24°N Mi)4Qshiro et 01. 1970 
.. 4.Quartz monzonite Argo F.Z. Engel ond"1'hher 1975 
.. 5. Quartz diorite 
+ 6.,7.Aplites 
+ B., 9. Quartz diorites Ishisaka et 01. 1975 
+ 10.,11. Trondhjemite xenoliths,Surtsey.Sigwdaon 1977 
... 12.Quartz diorite,xenolith,lzu-Hakone.Aoki and Kuno 1972 
c Gabbros from Engel and Fisher 1975,Mi)4Qshiro et 01. 1970, Thompson., 1973 
v Basalts from Kay et 01. 1970 -
w+% 
1'2.. 
8 
2 
o 
D 
D~ D 
Figure 2.7. 1 continued 
, 
\ 
\ 
V \' D 
V'I'I VDD 
.... \ 
'I V \ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ +-5 +- 10 
' .... 
-- .... _-
.. -
.... , 
+s 
... 
- +1'2. 
+10 
+s +1 +' 
..... +" 
-
-. 
" " 
+ 2. ". 
... 
+11 
+11 
----- .-- .......... 2. 
- - .... + ...... 
70 
-106-
contains 3.27% K20 although it is otherwise very like the 
rest of the samples. 
The Argo F. Z. quartz monzonite and quartz diorite have very 
high Rb contents, compared with all other plagiogranites. 
Phosphorus is enriched in certain quartz diorites relative to 
both basalts and trondhjemites. Differentiation of tholeiitic 
magmas at oceanic spreading centres has been attributed to 
shallow level fractionation of plagioclase and olivine (Kay 
~ al., 1970) followed by clinopyroxene, hornblende and 
titanomagnetite (Thompson 1973). Miyashiro ~ al., (1970) 
noted that although primary brown hornblende appeared in 
M.A.R. gabbros whereas it does not in ocean floor tholeiites 
or in continental or island arc gabbros. Chemical fractiona-
tion by this phase does not change the differentiation products. 
Sigurdssonls two xenolithic trondhjemites are both relatively 
rich in potassium. This coupled with the appe~rance of 
clinopyroxene in place of hornblende suggests a rather low 
magmatiC volatile content. (Section 3.2.5). 
strontium isotope ratios have be~n aetermined for ocean-crust 
plagiogranites from only three localities (Table 2.7.2). The 
close correspondence of the low values for the Argo F.Z. 
plagiogrilni t<>s (Engel and "'~isher 1975) and basal ts from the 
Mid Indiiln ocean ridge (Subbarao and Hedge 1973) indicates 
that they were both derived from mantle with the same depletion 
history. The Kyushu-palaQ plagiogranites have similar low 
87sr/86sr values. Ishizaka !! al., (1975) pointed out that it is 
possible that these rocks were derived from the sub-oceanic 
Table 2.7.2 Initial Strontium Isotope Ratios 
of ocean-crust plagiogranites 
• 87 86 
SrI Sr Sr Rb 
l. Quartz Monzonite 0.7034 + .0003 26 84 
-
(Argo F. z.) 
2. Quartz Diorite 0.7031 + .0002 124 29 
-
(Argo F. Z. ) 
3. Quartz Diorite 0.70334 + .00021 261 3.2 
-
(Kyushu-Palau 
Ridge) 
4. Quartz Diorite 0.70329 + • CXXX)9 218 13.2 
-
(Kyushu-Palau 
Ridge) 
5. P1agiogranite 
(Amaroi Plateau) 0.7032 + 4 
-
6. Average basalt 0.7034 
(Central Indian 
Ridge) 
7. Basalts and gabbrc:s 0.702-0.704 
0°, MAR 
782 4.9 
K/Rb 
323 
206 
1118 
543 
1110 
(1,2) Engel and Fisher, 1975, (3,4,5) Ishizaka et a1. 1975 
(6) subbarao and Hedge 1973 (7) Hart 1971 
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ma.nt10 by partiill mC'lting. Indeed, their Rb and Sr content 
is somewhat high, consistent with formation in an island 
arc. (Figure 3.3). 
There are, to date, no published analyses of REE in ocean-
crust plagiogranites. Four quartz diorites from the MAR 
o at 45 N were analysed at the Open Unversity. They are 
LRE enriched, with a negative Eu anomaly. (Figure 2.7.2). 
This area is one of the few sections of the MAR where LRE 
enriched basalts have been found (Frey ~ al., 1974),else-
where they are normally LRE depleted. Basalts at 450 N are 
similarly enriched in other LIL elements. Schilling(1973a, 
1973b) has proposed that LRE enriched basalts in the Iceland 
area are derived from mantle of a different (less LIL depleted)' 
composition to typical suboceanic mantle. The relationship 
between the REE content of basalts and plagiogranites is the 
same as in other comagmatic suites. This implies that 
plagiogranites associated with LRE depleted basalts will be 
found to be similarly depleted. 
2.7.4 comparison with ophiolite plagiogranites 
Many of the granitic lithologies found in ophiolites have 
also been dredged from the ocean crust. (~orite, quartz 
diorite, trondhjemite, aplite). Plagiogranites of either 
derivation have the same primary mineralogy, dominated by 
sodic pli~gioclase with hornblende as main mafic phase, and 
the same secondary assemblages and textures. ~jor element 
abun(~ncc and distribution is similar in both groups of 
plalJiogranito. It is particularly interesting to note a 
tendencY for more silicic ocean-crust plagiogranites to be 
depleted in potassium. 
2.00 
Figure 2.7.2 RE profiles: Ocean-crust plagiogranites 
.,)( 4 Quartz diorites from the MAR 450 N (present work) 
o 
<:) 3 Basalts from the MAR 45 N (Frey et al. 1974) 
= Troodos plagiogranites (Figure 3. 1) 
IOO~~~------------------------------------------------~ 
<to 
lo... C-e.. T~Ybl.&.J... 
-108-
o However, the diorites from the MAR at 45 N have more 
accessory orthoclase and biotite than is usual in ophiolite 
plagiogranites. They are also somewhat richer in Ba, Zr 
and Ni. This might be related to the differences in RE 
geochemistry. (Section 2.7.3). 
Neglecting products of destructive margin magmatism, there 
a.re only two exceptions to the general similarity of granitic 
rocks from the ocean-crust with those in ophiolites. These 
are the two alkalic rocks from the Argo Fracture Zone that 
have higher K20, Nb, Y and Rb and much lower K/Rb than ophiolite 
plagiogranites. They are far more alkalic in character than any 
other rocks from the Central Indian Ridge (Engel and Fisher 
(op. cit.). (Table 2.7.2). The only similar rocks in any 
ophiolite are late Nb-rich alkalic aplites which intruded the 
ophiolite assemblage of Masirah Island, North Indian Ocean, 
which are illso of unknown origin. (Moseley, 1967, I. Abbotts 
pers. comm.). 
In summary; some ocean-crust plagiogranites cannot be distinguished 
from some types of ophiolite plagiogranite. This observation 
supports the hypothesis that ophiolites represent oceanic 
lithosphere fragments. However, the greater variety in the 
small sample of granitic rocks .from the ocean crust suggests that 
ophiolites represent the products of only one of the several 
ensimatic volcanic environments. 
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Chapter 3 Integration 
3.1 Comparison of plagiogranites 
3.1.1 Introduction 
The ophiolite plagiogranites described in Chapter 2 are here 
compared with each other and with other types of granitic 
rock in an attempt to determine (i) whether ophiolite 
plagiogranites are a uniform, coherent group of whether they 
vary spatially, temporally or with geotectonic environment 
and (ii) whether they can be distinguished from other granites 
with confidence. Even assuming that ophiolites represent 
oceanic lithosphere of some type (Section 1.1) each one could 
have been formed in one or more of the four different volcanic 
enviornments of modern oceans; (i) mid-oceanic ridges (M.O.R.s) 
(ii) spreading centres in marginal ocean basins behind or 
between island arcs (baCk-arc spreading centres) (iii) island 
arcs themselves and (iv) ocean islands. Attempts have been 
made to characterise the geotectonic enviornment of ophiolites 
by internal characters such as basalt trace element geochemistry 
(e.g. pearce and Cann 1971) and it might seem possible that 
plagiogranites could be treated in an analogous fashion. 
However, plagiogranite geochemistry is likely to depend much 
more on crustal processes and so cannot approach the usefulness 
of basalts for indicating mantle composition and source of 
parental magmas. 
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l.1.2 Ophiolite plagiogranites 
comparison of the stratigraphy, lithology and thickness of 
the five ophiolites (Table 3.1 and 3.2) reveals more 
similarities than differences. The attenuation of the Point 
sal sequence could be due in part to its dismemberment; the 
quoted thicknesses are the minimum estimates of Hopson et ~., 
(1975). G~nctic environment (Table 3.3) is inferred from 
several criteria discussed in previous sections (e.g. basalt 
g(~ochemistry, present tectonic situation and Ii t·hological 
association) which do not include plagiogranite character. 
All the ophiolites studied, except Point Sal, appear to 
have been formed at back-arc spreading centres. Although 
there is a considerable variety of plagiogranite field types 
and lithologies the same types recur in the five different .. 
ophiolites. (Table 3.4). Plagiogranites occur discontinuously 
throughout the larger ophiolites and therefore it is not 
possible to state whether the non-appearance of certain field 
types or lithologies in the smaller ophiolites is because 
they were not mrmed or merely because of inadequate exposure. 
Whereas subhorizontal plagiogranite sheets regularly appear in 
the Upper Plutonic Complex, large, steep-sided stocks are only 
found in the Semail Nappe, the Smartville Block and the Papuan 
Ultramafic Complex. Small intrusive plagiogranite veins and 
dykes in the plutoniC complex are ubitquitous but are found at 
deeper levels in some ophiolites than in others. Many can be 
interpreted as downwiLrd intrusions but load pressure is expected 
to limit this process and plagiogranite dykes deep in the 
Sernail Plutonic Complex and Mantle Sequence may have a different 
genesiS to t.hose at hi..gher levels. For instance, they could be 
related to late formed trondhjemitic stocks .found in some areas 
Table 3.1 Comparison of ophiolite stratigraphy 
*1972 GSA definition 
, 
Ophiolite * Troodos Semail Ba11antrae , 
Sequence Massif Nappe Smartville Point Sal Complex 
, 
UPL Upper Volcanic Unit Upper Volcanic Zone 
Volcanic Pillow I 
Complex Axis Lower Volcanic Unit Lower Volcanic Zone lava 
Dyke Sequence Dyke Dyke and 
Complex Complex sill complex 
Gabbro Upper Plutonic Complex Upper Plutonic Upper Plutonic 
Complex Complex Gabbro and 
Complex Cumulate Sequence 
Cumulate' gabbro Cumulate plagiogranite 
Ultramafic Serpentinites in Sequence 
Complex ~unding faults Mantle Sequence Serpentinite in 
basal fault 
Concentr:t:ally DiSmembered Dismembered 
Preservation Uplifted Undeformed ~aulted by faulting by faulting 
Massive and disseminated Disseminated 
Mineralization CuFe sulphide ~e Sulphide.Same 
Massive and disseminated du:anite int.emedded CUFelb ~de 
I 
Troodos Massif Semail Nappe 
volcanic units volcanic 
Dyke units 
Complex Dyke 
p IogiC?9fOni te 
and gabbro 
Complex 
.cumulate ubasics 
Upper 
Mantle Plutonic 
Sequence Complex 
Layered 
Sequence 
Mantle 
Sequence 
Metamorphic so Ie 
Smartville Block Point Sal ophiolite Ballantrae Complex Ocean crust 
volcanic Layer One 
volcanic units 
volcanic Layer Two 
::.si II ~Fmp lex= 
units UDDer lutoni~ ( layered como lex units 
D~I lex Layer Three 
plagiogranite plagiogranite 
and 
gabbro and gabbro 
MOHO 
serpentin ite 
Nevoclon Layer Four 
plutons 
I 
I 
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Table 3.3 catpariscn of extemal characteristics 
. Troodos Sernail I ! Smartville Point Sal Byne Hill i Massif Nappe i 
Age of UJ;p!r Cretaceous UJ;p!r Cretaoeoos Mid Jurassic 
formation pre-Calpanian pm-Maestric:htian Mid-late Jurassic (160 MY) Arenig 
Lower pre-end Jurassic Post upper Jurassic pre-cara:ioc 
-Emplacement- pre-Maestrid1ti.an Maestrichtian pre oligocene 
! 
Suqqested &lsimatic Probably &lsimatic Midoreanic Back-arc 
Genetic back-arc as inter-arc spreading spreading 
Environment spreading Troodos spreading oentre then centre centre or 
oentJ:e then Massif illInature island arc island arc 
illlnature Blcmd then island arc 
arc 
.. 
Geographic Most southerly elements Westernmost U.S Cordillera Southern 
location in AlpJ.ne-H1malayan chain Scottish 
Caledonides 
-_.-
---
-Emplacement- refers to the time from which the ophiolite was structurally positioned on a 
continental margin. 
Type Troodos Massif Semail Nappe Smartville Point Sal Byre Hill l~ 
tr 
...... 
(Quartz)Oiorit.e .; .; .; .; .; (l) 
w 
Leucodiorite Rare .; .; .; .; .c. 
Tonalite .; .; .; .; X 0 
~ .... 
Traxnljanite .; .; .; .; (l) (/l X ...... r1' 0- 11 
I~ 
.... 
Aplite .; .; X X X 0" s:: 
"0 rt 
Epidosite .; .; .; X X I~ ~ 0 
Albitit /Albite 
::s 
X X X .; X 0 e granite HI 
Porphyry Plag and Oz Plag and Or 'tI X X X ...... PI 
\0 
In situ vein .; .; .; .; .; I~ 0 
\Q 
Intrusive vein in Layered Most CODmon in vari- in cumulate 11 g Lowest level pyroxene in cumulates, textured peridotite 
.... 
in plutonic gabbro also in Mantle gabbro rt 
complex Sequence (I) 
...... 
~ 
rt 
Massive sheets in .; .; .; .; Not ::r 0 
upper platonic complex applicable ...... 0 
\Q 
Intrusions in dyke .; .; .; X X .... (I) 
swarm Ol 
Rhyolites and Soda-rhyolite unknown Quartz III Extrusive X ::s porphyrys? ~eratophyre p,. 
Stocks X .; .; X X 
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01 the Semail Nappe. (Section 2.3). 
The only major difterence in granitic lithology is seen at 
Smartville where the ophiolite is intruded by orthoclase 
porphyrys, which are the only rocks with more than accessory 
amounts of K-feldspar in the studied ophiolites. Granophyric 
aplites appear to be much more common in the Semail Plutonic 
Complex than in the others. Magnetite gabbros which are 
found in the Troodos Massif, the Smartville Block and at Byne 
Hill do not appear in the Semail Nappe. varitextured gabbro 
in the Semail is very thin compared with that of Troodos 
(J.D. Smewing pers. comm. and present work) and this might 
be connected with the absence of magnetite gabbros. 
The same mineralogies recur so monotonously in each plagiogranite 
suite that no comparitive table is necessary. There are minor 
differences in the pc:>int at which hornblende displaces 
clinopyroxene as the primary mafic in the plutonic sequence. 
In Troodos, primary hornblende first appears in varitextured 
gaubro and some clinopyroxene survives in tonalites whereas at 
Smartville interstitial primary brown and green hornblende is 
found in a layered gabbro and pyroxene does not occur in the 
plagiogran i tes, ('vcm as remnants. This probably reflects 
differences in mi~gma tic vola tile content. Biotite is an 
accessory phase in several suites but only dominates hornblende 
as the primary mafic in the 8allantrae plagiogranites. The 
latter are not especially rich in potassium and so the presence 
of biotite must be attributed to another factor,perhaps alteration 
of hornblende by late magmatic fluids. 
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The only qualitative aifference between the plagiogranite 
suites in secondary mineralogy is the appearance of minor 
interstitial prehnite in the Semail, Point Sal and Byne Hill 
plagiogranites. It is a late formed phase associated with, and 
probably replacing, clinozoisite (Deer et al., 1971 p. 278). 
It's presence suggests the persistence d hydrothermal activity 
to slightly lower temperatures than at Troodos and Smartville 
but does not require a drastic revision of the high geothermal 
gradient in ophiolites, postulated for the Troodos Axis Sequence 
metamorphism (Gass and Smewing 1973) as prehnite is potentially 
stable up to 4000 C (although ~ss in the presence of CO2 ). 
(Liou 1971). 
There appear to be quantitative differences in the metasomatic 
alteration of the Troodos, Smartville and Semail p1agiogranites 
(e.g. silica enrichment is more important on Troodos than 
elsewhere) but the uniformity in secondary assemblages and 
textures indicates that overall patterns of metasomatism are 
essentially similar. (Table' 3.5). 
The abundances, ranges and distribution patterns of the major 
elements are similar in each suite. This similarity is also 
apparent on AFM diagrams. (Bailey and Blake 1974). Each 
ophiolite suite defines a trend of initial iron enrichment with 
minor alkali enrichment, followed by strong relative alkali 
nnrichment, typical of tholeiitic suites. 
The ahundance of immobile trace elements, judged by both 
range and mean value (Table 3.6) is greatest in the Smartville 
suite and successively less in the Semail and Troodos suites. 
The limited data from Point Sal correspond most closely with 
Table 3.5 
Patterns of Metasomatism 
Mineral 
Assemblage 
Si02 
Na20 
K20 
CaO 
Sr 
Rb 
Ba 
Fe20 3* 
MnO 
Zn 
. 
. 
Fe20 3/FeO+ Fe20 3 
Greenschist facies 
+ 
+ 
+ 
± 
+ 
+ 
-
+ 
+ indicates overall gain during metamorphism 
loss 
± gain or loss 
Epidosite 
+ 
+ 
+ 
+ 
Troodos Sena11 &nartvi1le Block 8 ~ Massif Nappe Early Late I-' CD 
Range - Range x n x n x Ralge n x . Range n Pfll' w . 
86 32-188 26 248 122-497 10 323' 148-5U 4 386 281-628 4 Zr 0'1 
36 3-al 26 57 41-76 10 68 43-88 5 62 34-95 4 Y n 0 
2333 540-5940 26 3834 1620-7~ 10 3768 1500-6600 5 2925 1140-6120 4 a "0 
Ti C> 11 
<3 <1-9 26 4 3-5 10 9 4-14 4 12 6-18 4 Nb f-I. til 
0 
4.7 3.6-6.0 10 7.1 6.3-7.8 2 11.1 1 8.2 1 Yb :;:! 
2.5 1.1-3.6 10 6.2 5.6-6.7 2 11.8 1 8.0 1 Hf 0 Hl 
<1-9 26 <1-30 10 15 4-44 4 7 5-7 4 Cr "0 I-' 
<1-5 26 <1-12 10 16 1 Ni PI \0 
.... 
124 50-160 26 116 77-190 10 158 74-236 5 123 89-189 4 Sr 0 \0 
54 <4-137 26 93 46-102 10 104 55-155 5 235 56-461 4 Ba 11 PI 
:::s 
<1-2 26 <1-1 10 <1 <1-3 5 <4 <1-8 4 Rb f-I. rt 
26 6~3 - 26 <1-36 10 183 7-127 5 22 7-43 4 Zn (1) 
8 
0.7 0.2-1.2 10 0.9 0.9-1.0 2 1.3 1 1.2 1 Ge/Yb 11 PI 
0 
(1) 
(1) 
I-' 
(1) 
a (1) 
:::s 
rt 
0 
0 
::s 
rt 
(1) 
:;:! 
rt 
~ 
~ 
..... 
FOint Sal Byrle Hill O\Ierall CD 
x RInge n Ralge Range w X n X n ppn • ~ 
116 1 264 1 170 32-628 45 Zr n 
0 
27 9-44 2 78 1 93 3-95 47 Y s 
'0 
5460 2 1320 1 Ti III 2954 54o-78CXJ 48 11 1-'-
5 1 5 1 4 <1-17 45 N> (J) 0 
2.5 1.6-3.4 3 12.7 12.1-13.2 2 6.1 1.6-13.2 20 Yb 
::s 
0 
2.4 1 8.7 8.3-9.1 2 4.9 1.1-11.8 18 Hf H\ 
5 1 <1-30 Cr "0 ..... III 
<1-12 Ni \0 
.... 
205 182-228 2 37 1 126 50-236 47 
0 Sr \Q 
11 
104 68-139 2 99 1 84 <4-461 47 sa III ::s 
47 Rb 
1-'-
4 2-6 2 3 1 <1-8 rt CD 
18 17-19 2 15 1 <1-63 47 7n 8 
0.8 0.2-1.4 20 Ge/Yb 
I::t. 
0.6 0.4-0.8 3 0.6 0.6 2 III n 
CP 
CD 
..... 
CD 
a 
fD 
::s 
rt 
0 
0 
::s 
rt 
CD 
::s 
rt 
tv 
Table 3.7 Comparison of Axis Sequence Geochemistry 
(1) (2) (3) (4) 
Troodos Sernail Smartville Ballantrae 
Massif Nappe Block Complex 
, 
- Range - - -x n x Range n x Range n x Range n ' 
, 
60 5-118 88· 75 16-198 38 96 41-162 7 9S 64-117 4 
I 
5816 1560-9600 88 7498 2100-11340 33 7826 3900-13020 7 9236 6720-11190 4 
-
Data from Smewing et al 1977 (1 and 2), Wilkinson and Cann 1974 (4) and present work (1,2,3) 
--
Samples fromC~ and (2) include dolerite dykes. (3) is entirely dykes. 
(4) are amphibol1tes and glaucophane schists with ocean floor basalt characteristic. 
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the Troodos abundances ana those from Byne Hill with 
Smartville. There are two factors which could affect 
relative trace element content of plagiogranites; varia-
tion in the magmas from which the plagiogranites evolved 
and variation in the evolution of the plagiogranites. The 
same contrasts are found in the Ti and Zr content of the 
Axis Sequence basalts and dolerites in the larger ophiolites 
suggesting that the variation in plagiogranite trace element 
content is governed primarily by that of lis basic parent. 
(Table 3.7). 
The mobile trace element abundances are similar in each 
suite, with the exception of the alkali content of the 
Smartville late ~agiogranites and some low Ba values in the 
Troodos plagiogranites. The latter are attributed to secondary 
modification (Section 2.1.4.2). The 'alkali content and field 
relations of the late plagiogranite stocks and orthoclase 
porphyrys at Smartville indicate their origin in an immature 
island arc (Sections 2.3 and 2.6). There are, to date, no 
analyses of the late stocks in the Semail Nappe and none of 
trace elements in the papuan tonalites and so their affinity 
Cilnnot b(' t~st(,<I. Otherwise, none of the differences between 
the! va.rious suites of: ophiolite plagiogranites is obviously a 
[unction of geotectonic environment or age of the ophiolite, 
bearing in mind that there is still debate about the genetic 
environment of most of the areas under consideration. 
3.1.3 Ophiolite plagiogranites and other granites 
Granitic rocks in ophiolites differ from most other granitic 
types· most simply by their lack of modal K-feldspar but also 
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by their low K20, Rb and Sr content, high K/Rb and Na 20/K20 
ratios. However, one important plagiogranite type, trondhjemite, 
is also common in Phanerozoic volcanic arcs and in precambrian 
terrains. Barker and Arth (1976) distinguish two categories 
of trondhjemite-tonalite magmas; those with greater than 
15% A1 203 and those with less. (Section 2.3.3.3>. The low-
alumina liquids are represented by Phanerozoic plagiogranites 
in ophiolites, in the ocean crust and in island arcs and also 
by rare Proterozoic and Archaean gneisses and plutons. They 
have low Rb and Sr, flat HRE profiles with either moderate LRE 
enrichment or, in the case of ophiolite plagiogranites only, 
depletion and a negative Eu anomaly. (Figure 3.1). The high 
alumina type occurs in precambrian plutonic suites which Barker 
~ !l., (2e. £!i.)believe formed by partial melting of the lower 
crust and also in differentiated series of all ages. High 
alumina trondhjemites have higher Sr than the low alumina type 
and are both enriched in LRE and depleted in HRE, with a small 
variably Eu anomaly. (Barker ~ ~., (op. cit.). Ophiolite 
plagiogranites have less potassium than continental trondhjemites 
although their ranges almost overlap. (Figure 3.2). Potassium 
content in island arc plagiogranites overlaps that of both these 
groups. The Smartville late plagiogranites and two acid 
extrusives from the Semail Nappe fall within the same range 
as island arc plagiogranites. Granophyric differentiates of 
tholeiitic intrusions are perhaps the closest continental 
analogues of ophiolite plagiogranites but they are much ~1eher 
in potassium. Exactly the same relationships are observed in the 
distribution of Rb within the different groups (Figure 3.3) and 
there is an additional tendency for K/Rb to decrease with 
increasing Rb. The Rb content and Rb/Sr ratios of island arc 
plaglogranites fall in the same range as destructiye margin 
200 
Figure 3. 1 Comparison of RE profiles of some granitic rocks 
From Coleman et 01. 1975,Arth et 01. 1976 and present work 
A Continental granophyre, Jabal al Tirf, Saudi Arabia. 
B Tonal ite, Smartville Block (Fig.2.3.10) 
C Trondhjemite,Byne Hill (Fig.2.5.4) 
D Tonalite.Semaii Nappe (Fig.2.2.4) 
E 4 tonalites, Troodos Massif (Fig.2. 1.6) 
F High-alumina trondhjemites from S .W. Finland and Trondhjem, Norway. 
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Figure 3.2 Comparative potassium content of granites 
1. Low-alumina trondhjemites, New Mexico and Colorado 17 points. 
2. American and Arabian calc-alkaline plutons 11 141 points 
3. Klamath mountains calc-alkal ine suite 
4. 4 high-alumina trondhjemites from 3. 
5. Plagiogranites from Troodos, Semail and Smartville 
6. 7 island-arc plagiogranites, Dai area, Japan. 
(!) 7. 3 .. , Tanzawa region, Japan. 
o 8. 5 tonalites,Smartvilie Block. 
)( 9. Ocean-crust pi agiogranites,(Fig.2.7.1) 
• 10. Two acid extrusives, Semail Nappe 
$ 11.Average plagiogranite, Sayan, USSR. 
+ 12. Low alumina tonalite from Viti Levu, Fiji. 
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References in text and Coleman et 01. 1975, Condie 1978, Bart<er et 01. 1976, Buma 1971, 
Mackensie et 01. 1975, Bateman 1963, Peto 1973, Nasseef ~. 1977, Hotz 1971. 
Figure 3.3 Comparative Rb and Sr content of granitic rocks 
1. Proterozoic low-alumina trondhjemites 17 points 
2.Calc-alkaline plutonic rocks 
3. 7 island-arc plagiogranites, Doi area, Japan. 
(i) 4. 3 island-arc plagiogranites , Tanzawa region, Japan. 
fB 5. Average plagiogranite, Sayan region, USSR. 
6. Ophiolite plagiogranites, present work and Coleman et al. 1975 
X 7. Two ocean-crust plagiogranites, Kyushu-Palao ridge 
o 8. Smartville late plagiogranites 
o 9. Smartville Orthoclase porphyrys 
e 10. Two acid extrusives, Semail Nappe. 
- -- - Field of destructive margin volcanic rocks (Coleman et 01.1975) 
References as Figure 3.2 
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volcanic rocks. Low-K tholeiites overlap the range of ophiolite 
plagiogranites. 
All ophiolite plagiogranites have been hydrothermally altered 
and it might be thought that this accounts for their low 
alkali content. However, it has been argued in previous 
sections that the low abundance of K20 is primary and has not 
been disguised by metasomatism. 
In summary, a typical ophiolite plagiogranite can be distinguished 
with confidence from any other type of granitic rock by (i) very 
low modal K-feldspar (less than 5$) (ii) low alumina content (less 
than 15$) (iii) low K20 and Rb (less than 0.75$ and 4 ppm) (iv) 
high K/Rb (greater than about 800) and (v) RE profile (usually 
flat, with LRE depletion and -ve Eu anomaly although extreme 
differentiates or mushes with high crystal/liquid may not 
conform). 
• 
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3.2 Petrogenesis of ophiolite plagiogranites 
3.2.1. Are ophiolite plagiogranites magmatic differentiates? 
A majority of those who have considered the origin of ophiolite 
p1agiogranites have concluded that they arose by differentiation 
of subalkaline tholeiitic magma (e.g. Coleman et a1., 1975) 
--
and this has been accepted as the working hypothesis during the 
present research. The proposition is now considered in retrospect 
with other possible origins of ophiolite plagiogranites, here-
after referred to as plagiogranites, unless otherwise qualified. 
The first of the other possibilities, most difficult to discount 
in the case of dismembered ophiolites, is that the plagiogranites 
are younger intrusions or older inclusions unrelated to the 
rest of the ophiolite. However, plagiogranites never trasgress 
the margins of the ophiolite and their complex field relations 
indicate they were contemporary with mafic volcanism. They 
appear to have been metamorphosed ~ m!!! with the Axis Sequence. 
Geochemical similarities between the plagiogranites, the rest 
of the Plutonic Sequence and the Axis Sequence, such as their 
depletion in LIL and LRE elements and low Sr isotope ratios 
indicate that they are all consanguinous. Therefore, assuming 
a plaglogranite is reasonably preserved and fulfills these 
criteria, there can be no doubt that it is cogenetic with the 
ophiolite. 
An ensimatic granitic magma can originate by differentiation 
of a basiC magma or by part!al melting of material of basaltic 
or Iherzolitic composition. Plagiogranites are concentrated at 
the top of the Plutonic Complex and 1n the l·ower Axis Sequence, 
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exactly the horizon at which low density differentiates would 
be expected to form. However, if the plagiogranites originated 
by partial melting at this level, there are two potential 
source rocKs; varitextured gabbro and Axis Sequence dolerite. 
Both are locally recrystallized at contact with a later intrusion 
but are never observed to have melted. The leucocratic in situ 
--
veins in the gabbro are the only feature which could be construed 
as evidence for partial melting but their host is typically a 
partially amphibolitized gabbro with remnant igneous textures 
which shows no indication in hand specimen or thin section of 
having been reheated to 'melting point. Moreover, the composition 
of the in situ veins bears no relation to minima in the Q-Ab-An 
-.-
-or-H20 system (Figure 3.4). The ~ ~ veins have been 
interpreted as melted acidic xenoliths (Wilson 1959) but there 
is no gradation of types to unmelted xenoliths towards gabbro/ 
tonalite contacts. The Kennack Gneiss is thought to have 
originated by partial melting of amphibolite in the Lizard 
ophiolite (Section 2.6). However, the Kennack Gneiss is unlike 
any plagiogranite in field association, mineralogy and chemistry. 
The third possible source rock for plagiogranites, if they 
originated by partial melting, is mantle lherzolite. If 
plagiogranites were primary partial melts of mantle material, 
they would not be expected to be confined near the top of the 
Plutonic Complex. Therefore this possibility can be discounted 
for ophiolite plagiogranites but not, however, for island arc 
plagiogranites. 
3.2.2 Constructional Processes 
The plagiogranites' "stratigraphic" position overlying mafic 
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and ultramafic cumulates is the same as that of acidic 
differentiates in continental layered intrusions - the 
residue at the top of the magma chamber. The largest 
ophiolite plagiogranite bodies usually have gradational 
contacts with varitextured gabbro but intrude the dyke 
swarm. ~ situ veins in the gabbro are interpreted as 
pockets of acidic residual liquid or liquid/crystal mush 
trapped in the solidifying gabbro. Sharp margined plagiogranite 
veins and dykes crosscutting gabbro represent material which 
broke out of such pockets or back-veins from the main accumula-
tion of plagiogranite magma into its host. Back veining 
occurs when the gabbro underlying the acidic magma is fractured. 
Material which enters the fracture is either a liquid or a 
liquid with suspended crystals. When further movement narrows 
a fracture containing a liquid/crystal mush the liquid is 
forced out. The retained phenocrysts are often crushed. This 
mechanism explains the origin of feldspathic veins and why they 
eommonly have cataclastic textures where none occur in the host 
gabbro and why fewer quartz-rich veins are granulated. 
There are two basic models for the structure of the ophiolite 
magma chamber. One has a single permanent, linear chamber 
beneath a spreading axis. The chamber is floored by 
harzburgite and is continually replenished while continuously 
adding to the plutonic complex and Axis Sequence. (Section 1.2) 
<Cann 1970, Greenbaum 1972). The .lternative model proposes a 
succession of seperate magma "cells" of a few km. diameter Which 
develop at a spreading axis, differentiate and on solidification 
are 1n turn intruded by later magma bodies. (Moores and Vine 
1971). Lateral breaks and intrusive boundaries in the Layered 
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Sequence (Allen 1975, Glennie ~ ~., 1974), the intrusion 
of plagiogranites by dolerite and gabbro and the discontinuity 
of the plagiogranite horizon at the top of the Plutonic 
Complex are more difficult to account for by reference to a 
single magma chamber than by the multiple magma cell model. 
However, there is geochemical and petrographic evidence for 
replenishment of the magma cells (Allen 1975). The dolerites 
which crosscut the Upper Plutonic Complex are neither enriched 
nor depleted in incompatible trace elements relative to pre-
plagiogranite dolerites and therefore include both early and late 
liquids. They are interpreted as lateral intrusions into a 
solidified magma cell from an active magma cell further along 
the spreading axis. The intrusion of plagiogranite by gabbro, which 
is relatively unusual, occurs when a solidified magma cell is 
crosscut by a later one. The layered gabbro, deposited on the 
floor of the magma chamber, is not usually crosscut by dykes which 
were, therefore, intruded from the top of the magma chamber into 
its roof. After each dyke is emplaced its base is truncated by 
the remaining magma. Alternatively the dyke increases grainsize 
downwards into gabbro but as it appears that relatively little 
gabbro, even in the Upper Plutonic Complex, represents a liquid 
compOSition, relatively few dykes are "rooted" in this way. 
The existence of discrete magma chambers below ·the spreading 
axis provides two possible explanations for the lateral 
discontinuity of plagiogranites at the top of the Plutonic 
Complex. (i) If the roof and upper walls of the magma chamber 
are lined by massive dolerite, "underplated" as suggested by 
Allen (1975) for the Troodos MaSSif, then the residual liquid 
will be isolated in the middle of the chamber, some distance 
belOW the base of the dykeswarm. However, although field 
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relations indicate underplating in some areas, there is 
clear evidence that this did not occur everywhere. Where 
underplated dolerite is not found, the less dense acidic 
differentiates have pushed upwards into the Axis Sequence 
by stoping. This will tend to occur in the highest part 
of the magma chamber roof and so tend to concentrate the 
plagiogranites towards that point. (ii) The alternative 
explanation depends on a proposal in the following section; 
that trends of iron enrichment and alkali enrichment are 
mutually exclusive in the later stages of magmatic differentiation. 
Spooner (1977) considered that the Troodos massive sulphide 
deposits originated above persistent upward jets of hydrothermal 
fluid in the centre of stable axially symmetrical convection 
cells. However, he pointed out that experimental investigations 
of the geometry of hydrothermal circulation indicate that the 
convection cells in the Troodos hydrothermal system should have 
been in constant lateral motion, if the Axis Sequence was 
heated uniformly from below. He concluded that the existence 
of stable jets of hydrqthermal fluid required thermal highs 
at the base of the permeable layer which he correlated with 
discrete magma cells. Moreover, observation of the ocean 
floor at an active spreading axis during the FAMOUS project 
showed that lava was extruded in small seperate elongate cones, 
implying the existence of seperate magma ceLls. beneath them 
(Ballard ~ ~., 1977). 
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3.2.3 Magmatic Differentiation 
The primary petrography and geochemistry of the plagiogranites, 
discussed in their seperate sections, indicates that they 
differentiated by the removal o£ plagioclase, FeTioxide and 
apatite from the magma. Zircon fractionation influences the 
later stages of some plagiogranite series. Hornblende, the 
primary mafic mineral, is always one of the last phases to 
crystallize and, with quartz, has little effect on differentiation. 
Cumulate plagiogranites, leucodiorites and leucotonalites, are 
direct petrographic evidence of differentiation by crystal 
settling and segregation of interstitial liquid by filter pressing. 
It was suggested in Section 3.2.2 that leucodioritic veins 
represent filter pressed feldspar crystal concentrates. They 
are most usual crosscutting gabbro, often layered gabbro, whereas 
intrusions into the dyke swarm were sparsely prophyritic or 
aphyric liquids. This phenomenon is attributed to concentration 
of suspended feldspars towards the base of the magma chamber. 
The first plagiogranite magma appears after a hiatus in the 
differentiation sequence indicated by a deficiency of diorite 
and a change in accumulating phases. There is not a simple 
progression from a basic to an intermediate to an acid liquid 
and there is little diorite and quartz diorite relative to 
the volume of tonalite and trondhjemite. Indeed, many of the 
diorites are plagioclase cumulates. Other intermediate types 
which crop out between gabbro and tonalite are inhomogeneous 
products of incomplete segregation or, possibly, mixing. This 
diorite gap appears because there is usually very efficient 
segregation of acidic liquid from its basic parent/host. The 
process of segregation, suggested by field relations in general 
-122-
and ~ situ veins in particular, is supported by the very 
low Cr and Ni content of the plagiogranites and the gabbros' 
strong depletion in incompatible elements. Segregation 
implies a strong contrast in the physical properties of 
acidic and basic fractions, probably the gabbro was near solid 
while the acid magma remained a mobile fluid. 
The change in accumulating assemblage (from clinopyroxene and 
plagioclase to FeTioxide and plagioclase) is marked by a 
reversal or an inflexion on element variation diagrams. There 
is an overlap in the incompatible trace element content of 
dolerites and plagiogranites but a divergence in their Fe-Ti 
contents. This shows that the plagiogranites do not evolve 
from the most differentiated dolerites. Dolerite evolves to 
a high FeTi content by precipitating clinopyroxene and 
plagioclase unless FeTioxide appears on the liquidus. 
Removal of FeTioxide depletes the liquid in Fe, whereupon the 
liquid commences a trend of silica-alkali enrichment and pyroxene 
ceases to be an early formed phase. Therefore the appearance, 
or not, of a plagiogranite magma depends on the fulfilment, or not, 
of the particular physico-chemical conditions (probably a particular 
f0 2) which are required for the early precipitation of an 
FeTioxide. Thus, the iron enrichment trend is "normal I', in the 
sense that if conditions do not change then the magma will evolve 
to a high feTibasalt. The existence of alternative differentiation 
trends strongly implies that the ophiolite magma behaves in 
discrete batches, at least towards t~e end of its evolution. 
There is evidence that an evolved tholeiitic magma can unmix to 
two immiscible liquids; one enriched in silica and alkalis, the 
other in iron and phosphorus. (De 1974). Indeed, certain 
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magnetite··apatite rocks are the product of an immiscible 
relationship in a dioritic liquid. (Park ~ ~., 1964 
p. 230). However, the two liquids do not correspond to a 
plagiogranite and a dolerite and so the process could not 
enable a single batch of magma to follow both iron-enrichment 
and iron depletion trends. The concept has also been used to 
explain the origin of the Skaergaard granophyres and ferro-
gabbros by McBirney (1975) who proposed that the ferro-
gabbros were enriched in iron by retaining or accumulating 
droplets of the dense iron-rich immiscible phase during 
seperation of the less dense silicic liquid. This has also 
been suggested for the Troodos plagiogranites and magnetite 
gabbros (Allen 1975). Magnetite gabbros are also found at 
Smartville and Byne Hill but not, to date, in the Semail 
Nappe. This. means that the process which concentrates Fe and 
Ti in the magnetite gabbros is not essential to the generation 
of the plagiogranite magma. 
Plagioclase zoning in the Upper Plutonic Complex follows a 
characteristic pattern. Crystals in which it is fully 
developed have an unzoned calcic core of variable size, an 
intricately zoned inner rim which, although zoned normally overall, 
often has reverse components and sometimes interzone solution 
features, and a sodic outer rim. The crystal maintained 
idiomorphy until the growth of the outer rim which in the 
plagiogranites is often intergrown with quartz. (Section 2.1.3.2 
and 2.1.3.3). The complex inner rim represents a period of 
rapid disequilibrium growth and its discontinuities are 
interpreted as sudden depressions of liquidus temperature. As 
the differentiating magma appears to remain at the same depth 
these depressions must be due to increases in PH20. In order 
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for pH 20 to have influenced phase relationships the magma 
must have been water-saturated. Although Carmichael et al., 
--
(1974 p.326) pOint out that a magma need not be water-
saturated to precipitate hydrous phases, the appearance of 
'primary <and secondary) amphibole and variable texture, 
including pegmatite, at about the same point in the plutonic 
sequence as complex zoning in the feldspar is also attributed 
to a marked increase in magmatic water content. Fluid 
inclusions in quartz phenocrysts are direct evidence for the 
coexistence of an aqueous phase with the later plagiogranite 
magmas. 
water saturation could be achieved by concentration of juvenile 
water during magmatic differentiation but C~rmichael £! !l., 
(1974 p. 326) consider most magmas do not attain saturation until 
very late in their evolution unless water enters from the 
country rock. Taylor (1977) proposed that assimilation of 
hydrated roof rock is a widespread cause of water saturation in 
low~180 magmas and Heaton ~ !l., (1977) made the same suggestion 
specifically for the Troodos upper Plutonic Complex. It seems 
probable that a change in magma chamber conditions from slow 
equilibrium anhydrous crystallization to relatively rapid 
disequilibrium hydrated crystallization preceded the formation 
of the plagiogranite magma. 
A change in magmatic volatile content due to indirect, or 
possibly direct, entry of seawater provides an explanation for 
the interruption of the iron enrichment trend, if it caused 
the early precipitation of FeTioxide, presumably by • critical 
shift in' f0 2• Moreover, the fall in plagioclase liquidus 
temperatures associated with rising plf..,O means there is a 
, 
-125-
pause in crystallization which would enable the efficient 
segregation of the plagiogranlte magma from gabbro host. 
If the formation of plagiogranites depends on the interrup-
tion of one process (differentiation of the basic magma) 
by another which is not directly related (assimilation of 
hydrated dolerite xenoliths), variations in both processes 
might cause changes in the point at which the interruption 
took place, indeed it might not happen at all. This would 
explain the lateral discontinuity of plagiogranites in some 
areas (although not the only possible explanation, Section 
3.2.2) and their absence in others. It could also explain 
the variation in the point at which primary hornblende 
appears in the Plutonic Complex. 
Hydrothermal alteration of the Upper Plutonic complex by 
seawater means that.direct evidence for the entry of seawater 
into the magma is difficult to obtain. The oxygen and hydrogen 
isotope content of primary hornblende was probably established 
during subsolidus requtlibration with hydrothermal fluids. 
(Heaton ~ ~., 1977). A comparison of the composition of 
fluid inclusions in primary and secondary quartz could be a 
conclusive test of the difference in salinity of magmatic and 
metamorphiC fluids. 
After segregation of the plagiogr~nite magma, fractionation by 
plagioclase continues, the liquid composition moves rapidly 
towards the plagioclase-quartz cotectic and interstitial 
granophyres crystallize. The plagiogranites contain so little 
normative orthoclase (less than 5~ of salic phases) that their 
distribution on a normative Q-Ab-An diagram is a good approxima-
tion to that in the salie tetrahedron. (Figure 3.4) Metasoma-
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tism will tend to displace points towards the Q-Ab join, 
except in epidosites which are shifted towards the Q-An 
join and so are omitted from the diagram. Even so, 
bearing in mind the sensitivity of the quartz-plagioclase 
cotectic to pH 20, quantitative interpretation of Figure 
3.4 must be made with reservation. The quartz feldspar 
porphyrys represent liquids on the cotectic which have 
begun to crystallize plagioclase, quartz and, rarely, granophyre 
phenocrysts and then been cooled rapidly. Their quartz 
phenocrysts are invariably partly resorbed following a drop in 
pH20 which shifts the cotectic toward the Q apex, leaving the 
liquid in the plagioclase field. The drop in PH 20 also raises 
the liquidus temperature, whereupon the liquid freezes. Many 
porphyrys are found in the Axis sequence and the drop 1n pH 20 
could occur during intrusive ascent. The feldspars are not 
usually zoned and a period of stagnation is suggested while 
feldspar crystals settle out or requilibrate before the magma 
is emplaced. At Mosphiloti, on the Troodos Massif, porphyrys 
are associated with autobrecciated, flowbanded, sparsely 
vesiculated felsites which could represent the water-rich 
silicate melt which accumulated at the top of the stagnant 
chamber and from which volatiles have explosively dissociated 
from solution during ascent. Granophyric aplite veins represent 
small quantities of residual magma which intruded the plutonic 
comp~ex. Two examples from the Semail Nappe lie on the Q-Ab 
join and like the Troodos porphyrys and felsites they have 
dished RE profiles. (Sections 2.1.4.5 and 2.2.3.3). 
A fairly small increase in potassium content, as seen in the 
Smartville later plagiogranites enables the lIquId to evolve to 
a point on the two feldspar cotectic. (above 5 kb). 
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The Smartville two feldspar porphyrys are equivalent to the 
Troodos quartz-plagioclase porphyrys. 
Figure 3.4 Normative Quartz-Anorthite -Albite 
Q 
Minima I ie on Q-Ab join 
• 
• 
o Quartz albite porphyrys and two aplites (one porphyry is strongly silica-enriched) 
• Troodos plagiogranites 
)( Semail and Smartville plagiogranltes 
1. In situ veins 
Diagram compiled from Tuttle and Bowen 1958,Luth et 01. 1964 and Stewart 1967. 
Skb. cotectic from Yoder 1968, other cotectics are extrapolated sub-parallel to this. 
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3.2.~ Metamorphism 
The downward increase in grade of hydrothermal metamorphism in 
the Axis Sequence (Gass and Smewing 1973) continues with no 
apparent break into the Upper Plutonic Complex, which has 
secondary mineral assemblages typical of the upper greenschist 
and lower amphibolite facies. However, some types of replacement 
which are found in the Upper Plutonic Complex are usually 
associated with deuteric alteration (alteration by magmatic 
volatiles) (saussuritisation of feldspar, uralitisation of cpx. 
and hnd., silicification) but there is no division between 
'deuteric"and "greenschist/amphibolite" alteration in thin 
section and they are regarded as successive products of the 
same cycle of hydrothermal activity. There is also a metasomatic 
assemblage (epidosite) which can arise in trondhjemite or dolerite 
but apparently only in rocks previously altered to a greenschist 
facies assemblage. The same metamorphic assemblages always 
recur in the upper plutonic complex which always coincides with 
the stratigraphically lowest limit of hydrothermal activity, 
regardless of the thickness of the Axis Sequence. Thus, the 
fairly rapid transition from unaltered gabbro to amphibolitized 
gabbro approximates the boundary between layered pyroxene gabbro 
and un1ayered or varitextured gabbro <Coleman 1977, and present 
work). Plagiogranites in the Upper Plutonic Complex are never 
completely unaltered. 
Superimposed on this regional variation in grade is a tendency 
for more differentiated rock types to be metamorphosed at a 
lower temperature and also, perhaps consequentially, to have 
a larger proportion of secondary minerals. The degree of 
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differentiation of the various rock types can be determined 
from remnant primary mineralogy and immobile trace element 
geochemistry despite this metamorphism. There are many 
exceptions to this general trend which demonstrate that the 
differences in metamorphic assemblage are not dictated by 
major element geochemistry. Extreme examples of the 
phenomenon are altered leucocratic veins (both intrusive and 
~~) in unaltered gabbro and epidotised trondhjemite which 
intrudes unepidotised tonalite (Plate 16) or even gabbro with 
pellucid feldspar and no trace of epidote. Epidosite derived 
from dolerite is relatively common in the dykeswarm and so 
this relationship cannot be due to differences in bulk composi-
tion, either. Retrograde metamorphism is also indicated by 
mineral replacement textures. In every instance the secondary 
mineral is indicative of a lower temperature. Moreover, 
secondary minerals are usually fine grained,often fibrous, 
incoherent clusters and replacement is generally incomplete 
and inhomogeneously developed through the rock, at hand 
specimen and outcrop scale. Epidotisation occurs along zones 
centred on joints in some outcrops, leaving kernels of less 
altered material but is subsequently concentrated along joints. 
Indeed, in some localities epidote is only found on jOint 
surfaces or in late quartz-epidote veins. 
The retrograde character of the metamorphism of the Upper 
Plutonic Complex indicates that it is not the result of a 
widespread influx of hydrothermal fluid after the rocks had 
formed but is achieved by deuteric fluids that were progressively 
concentrated and cooled ~urin9 differentiation. In contrast, 
the Axis Sequence metamorphism is prograde, completa and so 
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homogenous that the zeolite/greenschist facies boundary 
can be mapped. (Smewing 1975). The differentiated basic 
magma from which the Upper Plutonic Complex forms includes 
an aqueous phase in equilibrium with the silicate liquid. 
As differentiation proceeds, the aqueous phase cools within 
the silicate liquid, thus moving out of equilibrium with and 
tending to alter the solid phase. Thus plagioclase cores are 
often saussuritized by fluid which was in equilibrium with 
the rim, whereas a postmagmatic fluid would have altered them 
both. In this way, later differentiates are altered at 
successively lower temperatures. Ultimately the aqueous phase 
is discharged into the upward plume of circulating seawater 
in the Axis Sequence and finally into the ocean. 
Spooner (1977) deduced that hydrothermal circulation in the 
Troodos Axis Sequence took place in persistent individual 
convection cells with central discharge jets above local 
thermal anomalies at the base of the dyke swarm associated with 
specific, discrete magma bodies. Narrow zones of heavily 
epidotized dolerite in the Troodos dyke swarm are regarded by 
Smewing (1975) and Heaton ~~., (1977) as the heavily leached 
rock in such high temperature discharge zones. Epidosite is 
formed in a simil~r way from plagiogranite; by metasomatic 
exchange with late concentrations of the magmatic aqueous fluid. 
The implications of this model are two fold; (i) that 
hydrothermal activity depends directly on the presence of magma, 
not just a geothermal gradient and so (ii) when magma in a 
partic~lar cell has completely crystallized, hydrothermal 
activity ceases. This corresponds with previous suggestions 
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that hydrothermal activity and therefore ore deposition are 
con~ined to the spreading axis (Gass ~nd Smewing 1973, 
Spooner and Fyfe 1973). I t seems probable tha t discharge of 
deuteric fluids into the hydrothermal system proceeds for 
some time before the final solidification of the silicate 
liquid and so the fluid in equilibrium with the plagiogranite 
magma is probably physically continuous with that circulating 
through the Axis Sequence. 
3.2.5 The Potassium Problem 
The low abundance of K, Rb and Sa in plagiogranites, relative 
to all other granitic rocks, cannot be wholly explained by 
the fractional crystallization of a subalkaline tholeiitic 
magma. All ophiolite lithologies are depleted in these 
elements but the plagiogranites are scarcely enriched with 
differentiation and, in some cases, later plagiogranites are 
depleted reldtlve to eurlier ones. This lack of enrichment 
is the "Potassium Problem". There are several indications 
that this trend is primary and undergoes only slight modifica-
tion by secondary processes. The evidence for this, discussed 
seperately in each section of Chapter 2 is (i) the general 
absence of K-rich phases, even their pseudomorphs, (ii) the 
• 
lack of correl~tion between potassium depletion and mineralogical 
alteration. (iii) Relatively K-rich rocks in ophiolites, such 
as are found at Smartville, retain their alkalis during 
hydrothermal alteration. 
Plagioclase and hornblende are the only primary minerals in 
plagiogranites which accomodate potassium but both have 
crystal/liquid partition coefficients of less than one for 
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pot~ssium in basaltic, dacitic or rhyolitic liquids (Arth 
1976, Ndgasawa and Schnetzler 1971). Partition coefficients 
for Sa and Rb into hornblende are generally lower than for 
K and into plagioclase, about the same. There are few 
lattice sites in non-potassium minerals which are large enough 
to accomadate these elements. Therefore any fractionation by 
these minerals would tend to enrich the liquid in K, Sa and 
Rb and so an alternative explanation must be sought for a 
trend of non-enrichment. 
If the potassium content of the silicate liquid does not 
increase with differentiation it must be preferentially 
partitioned into another coexisting phase and the sole remaining 
possibility is the volatile phase, probably an aqueous fluid. 
If the volatile phase escapes from the magma chamber, it will 
enter the hydrothermal system and so be lost from the Plutonic 
Complex. The LIL elements will then be absorbed by Axis 
Sequence rocks or discharged in the ocean. 
It is probable that other elements besides K, Rb and Sa are 
significantly partitioned into the aqueous phase and so it is 
possible thnt metalliferous ores in the Axis Sequence are not 
entirely the product of hydrothermal leaching but include a 
component which was derived directly from the magma. The 
occurence of ferromanganoan garnet in one granophyric aplite 
is interesting in this context. 
Only A small increase in potaSSium content will enable 
K-feldspar to crystallize and so retain K, Rb and Sa in the 
magma. Moreover, if the hydrothermal system was a closed 
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one, instead of being open to ocean waters, K-rich fluids 
would be recircul~ted and, again, potassium would be 
conserved. Taylor and Coleman (1977) mention potassic 
granophyres which are associated with the subaerial 
ophiolite-like assemblage at Jabal al Tirf, Saudi Arabia. 
They suggested that the difference in potassium content is 
a result of interaction with meteoric ground water instead 
of NaCl-rich oceanwater. Therefore plagiogranites can be 
expected in any area of submarine volcanicity in which there 
are acidic magmas suffiCiently subalkaline to precipitate 
plagioclase followed by quartz instead of a K-feldspar or 
two feldspars. 
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3.3 Conclusion 
Ophiolite plagiogranites, like the rest of the supramoho 
ophiolite, differentiate from a subalkaline tholeiite 
magma beneath an oceanic spreading axis, either in a 
marginal ocean basin or in mid-ocean. The magma evolves 
on a trend of iron enrichment until FeTioxides appear as 
fractionating phases, flrobably as a result of a critical 
increase in f'02' following saturation of the magma by 
ocean water. The influx of water causes a drop in 
plagioclase liquidus temperature which enables efficient 
segregation of the plagiogranite magma from its matrix 
of varitextured gabbro. Subsequently, the magma follows 
a trend of strong silica-alkali enrichment, differentiating 
by the removal of plagioclase, FeTioxides, apatite and, in 
some suites, zircon. In addition, the alkali elements, and 
possibly others, are progressively depleted in the magmatic 
silicate phase as a result of their dissolution by the 
magmatic aqueous phase in the absence of a K-silicate. 
If FeTioxide fractionation does not occur, the magma continues 
on the iron-enrichment trend, evolving to a series of liquids 
now represented by the Axis Sequence. 
The plagiogranites are metamorphosed by reaction with 
deuteric fluids. Hydrothermal activity in the vicinity of 
the magma cell ceases soon after the last of the silicate 
liquid freezes and there is little repenetration of the Upper 
P~utonic Complex by hydrothermal fluids. 
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With the exception of trace element content, there is no 
variation amongst ophiolite plagiogranites that is related 
to differences in their age, geographical distribution or 
original geotectonic environment. Their immobile trace 
element content is related to that in the basaltic rocks 
in the same ophiolite and so varies with geotectonic 
environment in a similar way. Plagiogranites in island 
arcs are often richer in alkali elements than those in 
ophiolites and are also LRE enriched but their compositional 
ranges overlap. Plagiogranites with "island-arc" trace 
element characteristics occur as late intrusions in some 
ophiolites. 
Some granitic rocks in the modern ocean crust are 
indistinguishable from ophiolite plagiogranites, others 
are like island arc plagiogranites and a few more alkalic 
types have also been sampled. Ophiolite plagiogranites can 
be distinguished from all other granitic types by their lack 
of modal K-feldspar, low alumina and alkali content, high 
K/Rb ratio and charcteristic RE profile. 
Appendix 1 Major and trace element 
All oxides - wt% All elements ppm 
1.1 Troodos Massif 
Tonalites and Quartz Diorities 
TM28 TM44 TM58 TM64a TM64b TM65 TM81 TM82 
Si02 65.66 60.79 69.50 64.32 62.80 75.08 61.96 56.87 
Ti02 0.68 0.65 0.35 0.35 0.62 0.27 0.96 0.99 
Al 20 3 12.93 15.57 12.95 15.27 12.94 13.25 12.65 14.70 
Fe20 3 4.23 0.65 1. 56 3.68 3.84 1. 89 6.01 4.16 
FeO 3.45 2.78 3.30 2.91 5.97 1.49 4.13 6.24 
MIlO 0.07 0.06 0.06 0.07 0.15 0.03 0.13 0.17 
MgO 1.23 3.24 1.25 1.19 1.52 0.60 1. 74 3.88 
CaO. 5.37 11.26 3.72 4.80 5.81 5.48 5.20 6.31 
Na20 2.93 2.93 4.69 4.15 3.52 2.74 3.06 3.68 
K20 0.58 0.27 0.24 0.51 0.37 0.12 0.32 0.35 
P205 0.24 0.07 0.10 0.18 0.06 0.07 0.12 0.13 
Total 97.37 98.27 97.72 97.43 97.60 101.02 96.28 97.48 
Zr 120 37 82 40 40 107 82 53 
Y 53 16 37 17 31 45 37 24 
Nb BL BL BL BL 4 3 3 4 
Cr BL 14 BL BL BL 3 BL 3 
Ni 3 11 3 3 5 BL 4 6 
Sr 144 145 128 148 120 133 141 156 
Rb 2 BL BL 2 BL BL BL 3 
Ba 70 23 48 60 59 32 53 61 
Zn 15 16 30 43 63 15 41 61 
- Not analysed, BL : Below detection limit 
• 
Detection limit for all trace elements : 2ppm, except Ba : 7ppm 
Appendix 1.1 oontinued 
TM101 TM108 TM123 TM128 TM144 TM146 TM160 
5i02 66.70 68.2 73.07 65.91 65.90 68.2 72.94 
Ti02 0.47 0.52 0.37 0.55 0.55 0.36 0.23 
Al203 11. 98 13.52 14.49 13.08 12.93 12.56 14.10 
Fe 20 3 5.13 4.91 4.89 3.83 3.19 3.25 2.81 
FeO 3.22 3.05 1. 85 3.72 4.20 2.98 1. 38 
MnO 0.17 0.05 0.04 0.09 0.11 0.07 0.03 
MgO 1.89 0.75 0.58 1. 90 1.52 0.85 0.51 
CaO 3.17 4.77 4.07 3.56 5.31 3.83 3.68 
Na20 4.51 4.04 4.45 4.00 3.55 4.33 4.78 
K20 0.19 0.12 0.08 0.68 0.29 0.22 0.06 
P205 0.07 0.24 0.09 0.10 0.10 0.13 0.07 
Total 97.5 100.17 103.98 97.42 97.65 96.78 100.59 
Zr 34 82 112 94 55 113 84 
y 34 55 49 39 28 44 23 
Nb 4 4 4 4 4 3 BL 
Cr BL BL 4 5 BL BL 5 
Ni 3 6 BL 5 5 4 BL 
Sr 69 136 135 143 116 130 152 
Rb BL BL BL 2 BL BL BL 
Ba 38 46 59 48 77 44 88 
Zn 62 22 17 14 37 .18 13 
Appendix 1.1 continued 
Trondhjemites 
GA2 GAIB GA19 GA29 GK2 TM33* TMB9 
5i02 6B.40 73.45 72.54 71. 46 65.23 77.02 71.02 
Ti0 2 0.47 o .1B 0.41 0.39 0.58 0.09 0.38 
A1203 12.9B 12.28 14.05 12.56 12.24 13.66 12.32 
Fe 20 3 2.75 1. 27 1.14 4.45 5.28 1. 36 4.02 
FeO 3.74 2.15 1.45 4.00 3.55 0.88 1.37 
MnO 0.08 0.06 0.03 0.09 0.08 0.01 0.07 
MgO 0.78 0.51 1.12 0.59 1.56 0.42 0.71 
CaO 5.34 2.38 4.79 5.25 2.60 3.10 1.98 
Na20 3.81 5.21 4.36 2.85 5.55 3.09 6.40 
K20 0.17 0.13 0.09 0.13 0.42 0.68 0.12 
P205 0.19 0.03 0.09 0.09 0.05 0.01 0.07 
Total 98.71 97.65 100.07 101.86 97.14 100.32 98.46 
Zr 82 99 95 36 32 134 188 
Y 38 35 25 27 26 80 64 
Nb 3 3 BL 4 8 9 5 
.Cr 3 5 15 6 11 3 BL 
Ni 3 BL BL BL BL 2 3 
Sr 126 III 150 80 92 118 90 
Rb BL BL BL BL BL 2 BL 
Ba 56 131 76 54 59 54 47 
Zn 23 25 12 26 35 30 28 
*Aplite 
Appendix 1.1 continued 
Epidosites 
TM129 TM1S6 GA14 GAlS GA17 TM13 TMl12 
Si02 76.57 7f).66 75.73 76.64 75.33 75.69 72.18 
Ti02 0.32 0.32 0.24 0.16 0.23 0.15 0.37 
Al 20 3 12.94 12.77 12.07 12.70 12.92 11. 58 12.21 
Fe20 3 0.93 1.93 1. 32 2.23 1.85 1. 53 2.17 
FeO 0.19 0.89 0.72 0.61 1.64 2.42 0.42 
MnO 0.02 0.03 0.03 0.01 0.05 0.05 0.02 
MgO 0.39 0.70 0.48 0.15 0.37 0.55 2.22 
CaO 1.64 4.19 3.29 1.81 2.66 3.58 6.56 
Na20 7.26 3.86 5.42 5.98 5.18 3.57 1. 88 
1<2° 0.12 0.26 0.08 0.21 0.14 0.22 0.38 
P205 0.01 0.06 0.06 0.02 0.04 0.09 0.12 
Total 100.39 101. 67 99.44 100.52 100.42 99.43 98.53 
Zr 128 143 102 122 93 61 114 
Y 3 18 35 44 35 42 43 
Nb BL BL BL BL BL 6 4 
Cr BL 6 BL BL 8 BL 9 
Ni BL 3 3 3 BL 2 4 
Sr 52 126 160 116 130 124 120 
Rb BL BL BL BL BL BL 2 
Ba 46 48 BL 102 137 56 36 
Zn 6 9 10 10 14 17 6 
• 
Appendix 1.1 continued 
Insitu Varitextured 
Rhyolites Vein Gabbros 
TM158* GAll GA16* GA2S* QAP* TM139 TMOS 
Si02 76.40 76.46 75.60 75.73 80.87 61. 71 54.27 
Ti02 0.18 0.18 0.20 0.16 0.19 0.79 0.25 
Al203 13.14 11. 77 12.83 12.57 9.84 14.28 14.42 
Fe20 3 2.17 1.08 1.86 2.09 0.10 0.59 2.69 
FeO 0.83 0.30 0.91 0.78 1.92 2.93 5.27 
MnO 0.04 0.01 0.02 0.02 0.04 0.08 0.13 
MgO 0.38 0.42 0.41 0.28 0.61 3.24 10.33 
CaO 3.04 0.47 2.80 1.13 1.42 10.16 10.59 
Na20 5.01 6.56 5.96 7.68 3.47 2.52 0.70 
K20 0.04 0.07 0.21 0.02 0.37 0.26 0.33 
P20 5 0.03 0.02 0.04 0.03 0.03 0.09 0.02 
Total 101.26 97.34 100.84 100.49 98.86 96.65 99.00 
Zr 90 102 122 81 117 38 14 
Y 38 19 43 37 47 84 12 
Nb 3 3 3 BL 3 BL 2 
Cr BL 6 7 6 BL 7 72 
Ni 3 BL BL BL 3 19 33 
Sr 139 34 157 42 73 157 56 
Rb BL BL BL BL 4 BL 2 
Sa 60 BL 66 54 135 53 33 
Zn 25 13 9 8 12 20 24 
*Ouartz - plagioclase phyric 
Appendix 1.1 continued 
TM49 TM56 TM79 TM116 TM134 TM140 TM162 
Si02 50.48 50.69 54.46 
Ti02 0.28 0.34 0.23 
Al 20 3 13.38 15.71 14.14 
Fe20 3 1.91 1. 78 2.54 
FeO 6.49 5.67 5.83 
MnO 0,16 0.12 0.14 
MgO 12.60 10.03 9.02 
CaO 12.92 13.98 9.61 
Na20 0.94 1:.45 2.30 
K20 0.11 0.14 0.42 
P205 0.02 0.02 0.03 
Total 99.29 99.93 98.72 
Zr 16 7 11 15 24 20 12 
Y 9 2 5 7 8 9 9 
Nb BL BL BL BL BL BL 3 
Cr 113 351 59 52 114 59 64 
Ni 51 80 121 53 42 54 34 
Sr 77 26 67 66 98 108 73 
Rb BL BL BL BL BL BL BL 
Ba 27 27 24 15 50 31 29 
Zn 29 47 64 38 32 37 44 
Appendix 1.1 continued 
Layered 
pyroxEl'le Olivine I2uex> Magnetite 
gatbro gabbro gabbro Gabbros 
GA8 HG TM59 TM78 TMI0 TMI02 TMI03 MG 
Si02 51.93 48.23 45.09 47.19 49.00 52.07 48.07 
Ti02 0.39 0.20 0.17 1.04 0.89 1.14 1.88 
Al 20 3 15.09 18.15 15.76 28.69 16.24 14.96 12.40 
Fe20 3 2.38 1.88 2.29 1.83 4.11 3.62 3.69 
FeO 5.51 5.56 9.27 1.05 8.49 9.57 10.64 
MnO 0.15 0.15 0.19 0.02 0.20 0.24 0.19 
MgO 10.13 10.51 15.09 1. 38 6.30 4.55 8.55 
CaO 12.93 14.68 10.92 11.77 9.70 6.62 11.55 
Na20 1.35 0.77 0.57 4.24 2.25 2.44 1.10 
K20 0.11 0.02 0.01 0.22 0.46 0.80 0.13 
P205 0.04 0.00 0.00 0.09 0.02 0.03 0.03 
Total 100.01 100.15 99.36 97.52 97.66 96.04 ' 98.23 
Zr 21 22 6 3 70 8 14 18 
Y 9 10 BL BL BL 4 12 9 
Nb BL BL BL BL 3 3 BL BL 
Cr 275 211 178 165 13 34 8 71 
IU 77 65 50 226 4 12 5 48 
Sr 85 71 61 60 354 82 84 61 
Rb BL BL BL BL BL 2 4 BL 
Ba 43 36 31 7 43 53 63 67 
Zn 34 51 44 68 13 77 99 71 
Appendix 1.1 continued 
Dolerites 
TM122 TM124* TM142 TM143** GA4 
Si02 52.86 54.28 58.77 49.48 54.32 
Ti02 0.43 0.50 0.97 0.79 0.52 
A1203 13.38 14.63 12.30 15.41 16.81 
Fe20 3 5.26 3.24 3.61 3.39 2.82 
FeO 4.94 6.43 5.61 6.33 5.10 
MnO 0.19 0.20 0.15 0.16 0.15 
MgO 10.84 8.58 3.22 9.29 5.84 
CaO 8.72 10.21 6.46 8.79 9.07 
Na 20 1.81 1.44 3.91 2.63 3.05 
K20 0.27 0.03 0.21 0.11 0.57 
P205 0.03 0.03 0.10 0.05 0.03 
Total 98.73 99.57 95.31 96.43 98.28 
Zr 21 21 70 43 23 
y 9 11 29 17 15 
Nb 3 3 BL BL BL 
Cr 256 167 12 100 17 
Ni 66 48 13 49 21 
Sr 72 74 144 99 150 
Rb BL BL BL BL 4 
Ba 38 33 46 51 77 
Zn 37 67 46 61 38 
*Cpx - pl phyric **Cpx - phyr1c 
Appendix 1.2 
The Sanail Nappe 
Tbnalites and Quartz Diorites Trondhjemites 
OM3017 OM3077 OM3107 OM3110 OM3037 OM3119 
Si02 58.67 65.57 62.00 62.14 75.57 71. 45 
Ti02 1. 30 0.55 0.57 0.89 0.27 0.38 
A1 20 3 14.47 13.92 13.25 14.80 12.81 12.78 
Fe ° * 2 3 10.06 5.89 7.28 7.15 2.55 3.17 
MnO 0.23 0.10 0.11 0.06 0.01 0.03 
MgO 3.89 1.21 1.66 2.28 0.34 1.13 
caO 5.44 3.00 3.66 5.82 1.92 2.04 
Na20 5.50 6.93 5.62 4.73 6.66 5.82 
K20 0.15 0.18 0.40 0.25 0.06 
0.31 
P205 0.49 0.22 0.24 0.15 0.03 0.08 
Total 100.20 97.57 94.79 98.27 100.22 97.19 
Zr 243 122 235 147 497 313 
Y 54 68 57 41 46 76 
Nb 4 4 4 4 5 3 
Cr 2 30 5 9 4 9 
Ni BL 12 BL 10 BL BL 
Sr 181 109 124 190 77 104 
Rb BL BL BL BL BL BL 
Ba 78 93 51 46 102 65 
Zn 36 11 15 3 BL BL 
Appendix 1.2 continued 
Aplites Epidosites 
OM3000 OM3085 OM3090 OM3093 OM3011a OM3011b 
5i02 72.99 77.20 77.44 77.38 66.98 70.13 
Ti02 0.31 0.08 0.09 0.19 0.87 0.57 
A1203 12.98 13.27 12.98 13.31 13.92 13.71 
Fe20 3* 2.44 0.54 0.78 1.22 1.86 1.97 
MnO 0.03 0.01 0.03 0.02 0.06 0.04 
MgO 1.33 0.13 0.48 0.42 1.58 0.81 
CaO 2.35 0.72 0.79 2.99 3.86 3.69 
Na20 6.65 8.30 7.98 4.89 8.27 7.76 
K20 0.02 0.03 0.03 0.16 0.02 0.01 
P205 0.04 0.02 0.01 0.02 0.26 0.12 
Total 99.14 100.30 100.61 100.78 97.68 98.81 
Zr 140 97 129 40 270 240 
Y 5 18 35 9 53 51 
Nb 2 3 2 BL 6 3 
Cr 35 7 15 7 6 4 
Ni 4 BL BL BL BL BL 
Sr 56 31 18 III 66 86 
Rb BL BL BL BL BL BL 
Ba 24 20 43 75 49 45 
Zn 7 BL BL 3 5 BL 
Appendix 1. 2 continued 
Rhyolites Insitu veins 
OM3024 OM3078 OM3102 OM3104* OM3071 OM3073 
Si02 71.81 67.24 79.08 70.44 72.81 57.55 
Ti02 0.40 0.59 0.22 0.26 0.31 0.48 
A120 3 11.63 13.26 9.74 10.91 13.68 17.39 
Fe 20 3* 3.50 2.09 3.72 4.85 2.50 5.34 
MnO 0.04 0.03 0.14 0.11 0.04 0.07 
MgO 1.68 1.19 0.53 0.26 0.61 1.93 
CaO 4.33 5.53 1. 32 4.73 1.43 8.79 
Na20 4.41 6.57 3.61 1.66 7.85 7.82 
K20 0.07 0.02 0.83 0.75 0.06 0.01 
P20 5 0.09 0.22 0.03 0.02 0.06 0.13 
Total 97.96 97.74 99.22 93.99 99.35 99.51 
Zr 180 235 107 138 401 271 
Y 63 56 32 40 11 40 
Nb 2 4 3 3 2 3 
Cr 7 4 3 6 5 4 
Ni 2 2 BL BL BL 4 
Sr 99 218 67 321 54 76 
Rb BL BL 12 20 BL BL 
Ba 18 43 148 107 21 15 
Zn BL 2 37 60 4 5 
*G1ass 
Appendix 1.2 continued 
Vari textured 
Gabbroo 
OM3088 OM3018* OM3029 OM3038 OM3074 OM3082 
Si02 72.98 54.95 54.19 48.53 47.34 48.47 
Ti02 0.31 1. 50 1. 57 0.76 0.40 0.44 
A120 3 15.19 12.45 13.65 14.55 15.01 15.34 
Fe 0 * 
x 3 1.49 9.45 11. 47 9.16 8.71 8.51 
MnO 0.03 0.16 0.14 0.13 0.14 0.14 
MgO 0.78 7.03 5.89 8.00 10.74 10.63 
CaO 3.87 8.81 7.47 12.43 13.06 12.55 
Na20 5.59 4.62 4.30 2.39 1. 81 2.01 
K20 0.20 0.17 0.21 0.08 0.06 0.20 
P20 5 0.05 0.12 0.12 0.05 0.02 0.04 
Total 100.49 99.26 99.01 96.08 97.29 98.33 
Zr 114 95 92 39 14 32 
Y 10 33 34 21 10 12 
Nb 2 4 5 BL BL BL 
Cr 8 BL 19 47 330 369 
Ni BL BL 5 39 128 127 
Sr 152 213 210 186 103 143 
Rb BL BL BL BL BL BL 
Ba 77 48 63 28 21 25 
Zn BL 21 22 21 50 24 
*Fo1iated Qz gabbro 
Appendix 1.2 continued 
Dolerites 
OM3089* OM3117 OM3010 OM3012 OM3013 OM3039 
5i02 49.62 53.39 51.28 50.18 53.95 53.17 
Ti02 0.14 1. 59 0.98 1.89 1.35 1.63 
A1 20 3 10.32 13.44 13.53 12.40 13.27 13.77 
Fe20 3* 7.30 12.50 10.35 13.83 10.93 11.84 
MnO 0.13 0.12 0.16 0.25 0.11 0.15 
MgO 15.53 6.72 8.36 6.49 6.95 5.46 
CaO 16.15 7.34 11.60 7.80 10.10 9.81 
Na20 0.38 3.94 2.78 2.92 3.20 2.76 
K20 0.02 0.16 0.09 0.12 0.12 0.06 
P205 0.00 0.11 0.07 0.25 0.11 0.16 
Total 99.59 99.31 99.20 96.13 100.09 98.81 
Zr 2 67 54 146 83 127 
Y 3 29 3 46 35 38 
Nb 2 2 BL 5 3 3 
Cr 1063 19 136 12 19 36 
Ni 144 BL 43 10 5 16 
Sr 61 148 61 196 171 170 
Rb BL BL BL BL BL BL 
Sa 8 53 8 54 42 47 
Zn 23 7 23 108 10 8 
*Fresh two-pyroxene gabbro 
Appendix 1.2 continued 
OM3063 OM3124 OM3125 OM3126* OM3127 OM3128 
Si02 49.13 55.95 52.43 52.54 50.91 51.41 
Ti02 0.71 1.16 1.32 1.32 1.26 1.68 
A120 3 14.94 14.00 11.61 13.14 11.72 12.22 
Fe 20 3* 9.56 10.60 12.11 11. 88 13.61 13.24 
MnO 0.16 0.07 0.10 0.09 0.17 0.10 
MgO 8.41 5.95 7.07 5.47 7.95 7.06 
CaO 11. 78 4.67 5.54 6.12 5.99 6.07 
Na20 2.53 3.65 4.46 4.98 3.08 4.02 
K20 0.21 0.41 0.09 0.04 0.50 0.19 
P20 5 0.04 0.16 0.13 0.13 0.11 0.11 
Total 97.47 96.62 94.86 95.71 95.30 96.10 
Zr 42 142 106 120 93 95 
Y 21 41 38 41 33 32 
Nb BL 4 BL 2 2 5 
Cr 165 7 13 11 16 24 
Ni 50 BL BL BL BL 5 
Sr 141 526 105 44 236 315 
Rb BL BL BL BL BL BL 
Ba 25 73 38 30 82 59 
Zn 14 7 6 9 18 8 
*Plagioc1ase phyric 
Appendix 1.2 continued 
OM3129 OM3130 OM3131 OM3132 Om3133 
Si02 57.74 51.70 52.12 50.60 52.38 
Ti02 1.06 1.42 1.38 1.23 1.64 
A1 20 3 13.37 12.27 12.11 12.93 12.12 
Fe 20 3* 10.14 12.82 12.46 11.57 13.75 
MnO 0.10 0.15 0.09 0.10 0.19 
MgO 4.35 7.17 7.32 7.89 6.73 
CaO 4.44 6.27 5.67 8.85 6.36 
Na20 4.02 3.45 3.61 2.70 3.39 
K20 0.15 0.25 0.23 0.24 0.19 
P20 5 0.17 0.11 0.13 0.13 0.10 
Total 95.54 95.61 95.12 96.24 96.85 
Zr 153 99 114 100 98 
Y 44 32 37 32 37 
Nb 4 4 3 4 3 
Cr 6 15 14 19 18 
N1 BL BL BL 2 2 
Sr 201 503 567 351 173 
Rb BL BL BL BL BL 
Ba 38 65 56 47 47 
Zn 3 18 5 4 23 
Appendix 1.2 continued 
OM3134 OM3135 
Si02 57.07 57.05 
Ti02 1.06 1.08 
A120 3 14.08 13.88 
Fe20 3* 9.95 9.89 
MnO 0.13 0.12 
MgO 4.37 4.49 
CaO 6.27 5.85 
Na20 2.77 2.85 
K20 0.25 0.24 
P205 0.17 0.17 
Total 96.12 95.62 
Zr 143 148 
Y 44 45 
Nb 3 BL 
Cr 5 3 
Ni BL BL 
Sr 178 217 
Rb BL BL 
Ba 50 51 
Zn 10 9 
OM3134 and 3135 are from the same dyke 
Appendix 1.3 
The Smartville Block 
Tmalites and Quartz Diorites Tra1dhjemites 
SM48 SM56 SM64 SM73 SM01 SMII SM17 
Si02 59.73 69.09 61.60 67.24 69.07 74.17 65.75 
Ti02 1.02 0.31 0.65 0.60 0.51 0.19 0.68 
A120 3 14.82 13.89 17.30 15.59 14.41 13.41 13.47 
Fe20 3* 8.74 4.56 5.89 4.57 4.82 3.27 6.86 
MnO 0.19 0.11 0.08 0.10 0.08 0.08 0.14 
MgO 3.92 0.30 0.90 1.04 0.52 0.10 1.19 
CaO 2.60 1.82 4.45 5.15 2.65 2.14 2.50 
Na20 7.08 6.70 7.41 5.56 8.01 6.61 7.44 
K20 0.71 0.85 0.08 0.12 0.04 0.13 0.11 
P20 5 0.31 0.06 0.18 0.27 0.09 0.01 0.16 
Total 99.12 97.69 98.54 100.24 99.20 100.11 98.30 
Zr 314 322 728 148 512 628 345 
Y 57 61 48 43 88 95 69 
Nb 13 9 4 4 14 18 9 
Cr 7 5 3 4 4 7 9 
N1 BL BL BL BL BL BL BL 
Sr 119 89 195 236 105 9S 74 
Rb 8 6 BL BL BL BL BL 
Ba 276 461 157 155 89 148 SS 
Zn 43 26 14 . 13 7 7 28 
Appendix 1.3 continued 
Epidosite Insitu Orthoclase Vari textured 
vein Porplyzys Gabbros 
SM40 SM29 SM28 SM15 SM57 SM07 SM43 
Si02 72.50 76.38 64.09 71.06 71.52 50.30 54.57 
Ti02 0.25 0.43 0.85 0.22 0.28 0.58 1.44 
A120 3 13.94 10.52 14.94 14.42 14.12 12.54 14.03 
Fe20 3* 4.04 4.12 2.19 3.03 3.83 8.38 10.75 
MnO 0.03 0.06 0.06 0.08 0.15 0.15 0.18 
MgO 0.30 0.97 2.80 0.29 0.18 12.07 6.35 1 
CaO 3.42 6.34 8.39 0.94 1.61 13.92 8.25 
Na20 5.56 2.59 4.63 4.36 6.63 1.74 3.85 
K20 0.08 0.11 0.48 5.32 1.33 0.13 0.19 
P20 5 0.03 0.06 0.02 0.03 0.04 0.03 0.18 
Total 100.15 101.58 98.45 99.75 99.69 99.84 99.79 
Zr 281 237 456 367 28 174 
Y 77 34 49 78 66 12 41 
Nb 6 7 13 9 3 4 
Cr 7 9 2 5 158 12 
Ni 1 15 BL BL 72 11 
Sr 207 189 242 81 78 168 173 
Rb BL 2 6 42 11 BL 2 
Ba 77 56 151 543 333 25 76 
Zn 8 13 5 22 45 56 27 
Appendix 1.3 continued 
Magnetite • Nevadan • 
Gabbro ().1artz Gabbrcs Do1erites 
SMS2 SM74 SM63 SM23 SM91 SMa3 SM06 
Si02 47.68 47.55 44.94 50.44 50.31 49.04 50.57 
Ti02 0.55 0.27 3.15 0.85 1.03 0.65 1.77 
A1 20 3 13.58 20.76 9.69 17.41 17.48 15.20 14.15 
Fe 20 3* 7.95 5.79 17.11 10.08 10.38 11.02 10.66 
MnO 0.12 0.07 0.21 0.17 0.19 0.22 0.18 
MgO 11. 64 9.02 8.73 6.08 5.48 7.29 6.04 
CaO 14.94 16.71 12.18 11.53 11.03 11.86 11.92 
Na20 1.44 0.96 1.86 2.24 2.71 2.63 2.93 
K20 0.10 0.05 0.14 0.51 0.59 0.17 0.10 
P20 S 0.04 0.01 0.09 0.23 0.42 0.08 0.24 
Total 98.04 101.19 98.10 99.54 99.62 98.16 98.56 
Zr 21 19 30 46 41 102 
Y 10 5 17 17 25 14 33 
Nb BL BL 2 2 BL 5 
Cr 295 217 31 67 22 41 
Ni 94 107 BL 18 18 10 
Sr 167 173 142 284 295 240 266 
Rb BL BL 2 10 11 2 BL 
Ba 26 12 87 168 218 56 68 
Zn 27 15 82 63 69 95 23 
Appendix 1.3 continued 
SM19 SM34 SM39 SM45 SM60 SM61 SM72 5M81 
5i02 56.62 54.20 53.85 49.76 46.34 48.28 51.24 53.58 
Ti02 1.10 1.39 2.30 1.38 1.25 1.13 0.77 2.17 
A1 20 3 14.16 13.06 14.10 13.72 14.04 13.38 13.52 14.14 
Fe ° * x 3 9.80 12.74 11. 58 11.18 12.37 9.93 10.05 12.15 
MnO 0.29 0.30 0.25 0.22 0.27 0.19 0.27 0.16 
MgO 4.61 5.79 4.87 7.59 9.07 10.58 8.55 5.22 
CaO 4.36 5.13 8.67 10.44 10.83 12.31 11.55 8.18 
Na20 5.83 4.38 4.03 3.58 2.20 1. 74 2.20 4.44 
K20 0.38 0.38 0.06 0.11 0.10 0.28 0.11 0.08 
P20S 0.29 0.21 0.78 0.14 0.11 0.12 0.08 0.44 
Total 97.44 97.58 100.49 98.12 96.58 97.94 98.34 100.56 
Zr 288 132 147 111 81 89 63 162 
y 63 35 55 29 25 24 20 49 
Nb 9 5 4 2 3 4 2 7 
Cr 44 14 6 78 262 534 284 15 
Ni 16 3 BL 36 84 157 79 BL 
Sr 166 159 210 311 170 170 173 229 
Rb 3 5 BL BL BL 2 BL BL 
Ba 142 104 80 63 53 116 79 79 
Zn 127 33 40 39 207 77 47 41 
Appendix 1.4 
Byne Hill 
Galbros Ieuccxlicri t.es TraxDljEJni te 
BY02 BY12 BY9* BY14* BY18 
Si02 47.57 46.61 55.10 55.11 71.03 
Ti02 0.96 0.40 0.52 0.52 0.22 
Al 20 3 13.65 18.46 15.75 15.43 12.83 
Fe20 3* 12.15 7.90 9.85 9.53 4.58 
MnO 0.21 0.11 0.15 0.20 0.09 
MgO 7.49 8.13 2.05 1.69 0.35 
CaO 9.53 13.94 2.71 3.05 0.59 
Na 20 2.75 1.75 7.40 7.13 6.57 
K20 0.25 0.61 0.08 0.04 0.21 
P20s 0.18 0.02 0.09 0.09 0.02 
Total 94.75 97.89 93.70 92.79 96.67 
Zr 36 19 316 300 264 
Y 14 8 103 78 78 
Nb BL 2 7 7 5 
Cr 136 38 3 BL 5 
Ni 60 57 BL BL BL 
Sr 257 245 50 32 37 
Rb 5 8 BL BL 3 
8a 50 21 48 47 99 
Zn 65 28 287 61 15 
*Large proportion of secondary calcite 
Appendix 1.5 
Point Sal 
Insitu PyrClCene 
Q.1artz diorite "Albitite" vein Gal:ilro Dolerites 
PSOl PS08 PS04 PS02 PSll PS09 PS13 
S102 61. 72 59.72 57.98 50.90 47.55 51.79 51.65 
Ti02 0.91 0.91 0.33 0.41 0.17 0.61 0.68 
Al20 3 15.09 13.84 19.24 20.05 17.87 12.43 12.06 
Fe203* 7.37 7.94 2.77 3.50 7.25 12.25 14.04 
MnO 0.13 0.12 0.03 0.04 0.11 0.20 0.25 
MgO 1.85 4.37 1.91 2.68 11.02 7.53 6.14 
CaO 4.88 5.56 9.97 20.86 14.12 6.47 6.05 
Na20 5.40 5.68 7.73 2.64 1.11 4.12 3.23 
1<2° 0.65 0.39 0.17 0.01 0.53 0.27 0.21 
P20 5 0.28 0.03 0.16 0.13 0.00 0.05 0.08 
Total 98.28 98.56 100.29 101.22 99.73 95.72 94.39 
Zr 116 5 45 56 
Y 44 9 14 14 4 15 18 
Nb 5 2 2 2 
Cr 5 41 71 37 
Ni BL 53 25 10 
Sr 228 182 24 11 140 174 143 
Rb 6 2 BL BL 5 2 BL 
Ba 139 68 23 13 438 63 49 
Zn 19 17 BL 4 21 26 68 
Appendix 2 Rare earths and other elements determined 
by INAA 
All elements in ppm 
2.1 The Troodos Massif 
Talal1tes Trax1hjente EPidosite 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Trn 
Yb 
Lu 
Th 
Ta 
Hf 
Sc 
TM101 
3.3 
(3.4) 
2.4 
0.77 
2.9 
0.70 
0.5 
4.19 
0.7 
BL 
0.5 
1.2 
34.1 
GA2 
10.2 
9.3 
3.5 
1. 40 
5.3 
0.95 
0.7 
4.40 
0.8 
0.7 
1.2 
2.7 
GK2 
5.0 
3.5 
1.5 
0.54 
0.7 
0.60 
0.4 
3.61 
0.7 
0.6 
1.2 
1.1 
GA14 
20.8 
12.9 
4.0 
1. 34 
4.8 
0.93 
0.9 
4.50 
0.8 
1.7 
1.3 
3.0 
GA17 
14.9 
10.6 
3.6 
1. 48 
4.4 
0.94 
0.7 
4.26 
0.7 
1.1 
1.2 
2.7 
) Indicates large peak fitting error 
Not analysed 
BL Below detection ltmit 
TM13 
6.9 
6.2 
2.8 
0.78 
4.9 
0.95 
0.9 
5.96 
1.1 
0.4 
1.2 
2.3 
16.0 
Insitu vein 
TM139 
3.2 
4.7 
1.6 
0.55 
1.6 
0.56 
0.4 
2.57 
0.53 
BL 
0.5 
1.6 
40.6 
Appendix 2.1 continued 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
TIn 
Yb 
Lu 
Th 
Ta 
Hf 
Sc 
Rhyolites 
TMlS8 
8.1 
7.9 
3.6 
0.91 
4.5 
0.94 
0.8 
5.10 
0.8 
0.6 
0.8 
2.6 
15.0 
GAll 
15.1 
8.8 
2.5 
0.69 
3.3 
0.62 
0.7 
3.85 
0.7 
0.9 
0.8 
2.8 
GA16 
18.9 
14.7 
4.4 
1. 38 
6.1 
1.13 
1.0 
5.23 
0.9 
1.6 
1.3 
3.6 
OAP 
16.7 
12.1 
3.9 
0.86 
5.3 
1.03 
0.6 
5.90 
1.0 
1.0 
1.3 
3.1 
Gabbra; 
TMl16 
1.8 
(2.0) 
0.8 
0.31 
BL 
0.23 
0.2 
1.06 
(0.2) 
BL 
0.1 
0.3 
52.8 
TM140 
2.4 
(3.0) 
1.2 
0.5 
BL 
0.29 
0.2 
1. 35 
0.3 
BL 
0.2 
0.4 
46.0 
Magnetite 
Gal:i:lros 
GA8 
3.1 
(2.2) 
1.0 
0.44 
2.6 
0.30 
0.3 
1.42 
0.2 
BL 
0.3 
0.7 
TMl02 
(0.9) 
BL 
0.5 
0.27 
BL 
0.18 
0.2 
1.25 
(0.2) 
BL 
0.2 
0.3 
56.0 
Appendix 2.1 continued 
Appendix 2.2 The Sernail Nappe 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Tm 
Yb 
Lu 
Th 
Ta 
Hf 
Se 
Ieuco 
galilro 
TMIO 
(1.7) 
BL 
0.2 
0.42 
BL 
0.06 
0.2 
0.36 
(0.1) 
BL 
0.4 
1.7 
27.9 
Dolerites 
TM142 
6.7 
7.0 
2.8 
1. 04 
4.1 
0.71 
0.5 
3.3 
0.5 
0.4 
0.3 
1.9 
31. 3 
TM143 
3.5 
4.3 
1.6 
0.63 
(2.3 ) 
0.49 
0.3 
2.04 
0.4 
BL 
0.2 
1.1 
36.9 
Talalite 
OM3077 
26.0 
22.8 
7.7 
1.81 
9.0 
1. 71 
1.3 
7.83 
1.3 
0.7 
0.8 
6.7 
16.3 
Aplite 
OM3085 
13.9 
8.9 
2.7 
(0.03) 
3.8 
0.74 
0.6 
4.01 
0.6 
3.3 
1.3 
5.1 
12.9 
EPidosite 
OM3011b 
25.0 
19.0 
5.8 
1. 71 
7.3 
1.50 
1.1 
6.27 
1.1 
0.5 
1.2 
5.6 
11.2 
Appendix 2.2 continued 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Tm 
Yb 
Lu 
Th 
Ta 
Hf 
Sc 
Insitu 
Vein 
OM3073 
13.1 
9.6 
3.5 
1. 68 
4.7 
0.86 
0.8 
4.97 
1.0 
0.8 
0.4 
9.1 
7.0 
GalXlros 
OM3018 
12.9 
11.6 
4.0 . 
1. 33 
4.5 
0.88 
0.6 
3.71 
0.4 
0.3 
0.3 
3.0 
43.6 
OM3074 
1.5 
1.9 
0.9 
0.53 
0.9 
0.23 
0.2 
1.06 
0.2 
0.1 
0.1 
0.4 
OM3082 
3.5 
3.0 
1.0 
0.62 
1.7 
0.32 
0.2 
1. 32 
0.2 
0.1 
0.2 
BL 
Dolerites 
OM3013 
10.5 
8.6 
3.3 
1. 27 
4.0 
0.8 
0.5 
3.52 
0.7 
BL 
0.3 
2.3 
37.0 
OM3132 
11.1 
8.0 
2.8 
1.26 
3.6 
0.76 
0.5 
3.58 
0.5 
BL 
BL 
2.4 
34.6 
Appendix 2.3 
'l'he Smartville Block 
Tonalite Trondhjemite 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
TIn 
Yb 
Lu 
Th 
Ta 
Hf 
Sc 
SM56 
38.5 
28.8 
8.3 
1. 87 
8.4 
1.8 
1.2 
8.22 
1.3 
2.2 
1.1 
8.0 
SMOl 
56.9 
42.0 
11. 6 
2.62 
13.1 
2.6 
1.7 
11.06 
1.9 
1.8 
1.4 
11.8 
13.0 
Orthoclase 
Poq:hyzy 
SM15 
52.9 
31.2 
8.5 
1. 54 
9.8 
2.0 
1.7 
9.50 
1.5 
2.6 
1.5 
10.6 
6.9 
Gal::bro 
SM52 
3.3 
3.0 
1.3 
0.53 
1.4 
0.3 
0.2 
0.97 
0.2 
0.2 
0.2 
0.6 
M:lgnetlte 
Ga1:bro 
SM63 
5.5 
6.1 
3.0 
0.99 
2.63 
0.6 
0.3 
1. 81 
0.3 
0.3 
0.2 
1.2 
Appendix 2.4 
Byne Hill 
TrondhjEmite 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Tm 
Yb 
Lu 
Th 
Ta 
Hf 
Sc 
BY18 
12.4 
29.9 
27.3 
10.4 
2.00 
11.1 
2.4 
1.7 
12.12 
1.9 
1.3 
0.9 
8.3 
Diorite 
BY9 
8.7 
29.7 
23.7 
9.3 
1.19 
13.0 
2.4 
1.9 
13.18 
2.1 
1.6 
0.4 
9.1 
Gabbro 
BY12 
1.7 
1.9 
0.8 
0.42 
1.2 
0.2 
0.10 
0.92 
0.14 
BL 
0.2 
0.4 
Appendix 2.5 
Mid-Atlantic Ridge at 450 N 
Quartz Diorites 
Prefix 159-
38 
35.1 
74.3 
42.2 
11.0 
3.11 
12.6 
2.0 
1.4 
7.7 
1.2 
4.5 
3.2 
6.3 
25.9 
39 
43.8 
81.7 
35.1 
7.7 
1.62 
8.8 
1.3 
1.1 
6.9 
1.1 
8.7 
3.2 
7.6 
5.9 
40 
32.7 
71.6 
39.6 
10.1 
3.05 
12.5 
1.9 
1.3 
7.3 
1.2 
3.8 
2.8 
7.4 
21.6 
41 
33.4 
73.0 
39.3 
10.0 
2.8 
11.3 
1.9 
1.2 
7.4 
1.2 
2.3 
3.5 
6.9 
24.8 
Appendix 2.6 
ChcI'ldritic 
Ablrr:lance* 
La 0.328 
Ce 0.865 
Nd 0.630 
Sm 0.203 
Eu 0.077 
Gel 0.276 
Tb 0.052 
Tm 0.034 
Yb 0.220 
Lu 0.034 
Th 
Ta 
Hf 
Detectioo 
Limit 
5.0 
1.8 
3.6 
0.5 
0.03 
1.6 
0.05 
0.1 
0.06 
0.2 
0.3 
0.1 
0.22 
Standard deviatioo of 20 
deteIrninatiQlS of ~R-1 
as % of abmdance 
10.5% 
5.2 
5.3 
8.9 
6.5 
15.5 
4.8 
23.5 
4.3 
16.7 
4.0 
9.2 
4.2 
*From Nakumara, 1974, except for Tm and Tb which are 
extrapolated values 
Appendix 3 Analytical Technigues 
Crushing After cleaning, 200 to 300 gm. of each sample 
was crushed using a steel flypress and then a tungsten 
carbide TEMA. The only exceptions were four 10-20 gm. 
o specimens of quartz diorite from the MAR at 45 N which 
were crushed in an agate mortar. 
XRF 15 gm. powder pellets were analysed for the major 
-
oxides and Zr, Y, Nb, Cr, Ni, Sr, Rb and Sa on a Phillips 
PW1450 automatic XRF spectrometer at the University of 
Birmingham by Dr. G.L. Hendry between September 1975 and 
June 1977. Analytical procedure, operating conditions 
and standards were those in general use at Birmingham at 
that time. Inter-element corrections and detection limits 
were recommended by the analyst. 
Wet chemistry FeO was determined by the version of the 
ammonium metavanadate method (Wilson 1955) in use at the 
Department of Earth Sciences, Leeds University. An internal 
standard was included with each batch of digestions. 
INAA The REE, Th, Ta, Hf and Sc were determined by 
instrumental neutron activation nnalysis at the Department 
of Earth Sciences, the Open University. Samples of 0.3 gm. 
rock powder were irradiated in batches of eight, each with 
an internal- and an international standard, usually USGS BCR-1 
Details of technique and the analysis of the gamma-ray 
spectrum are in a departmental publ1cation. (Sarre and Potts 
1976). Chondr1te RE abundances are taken from Nakamura 
1974, except for Tm and Tb which were obtained by 
extrapolation. 
Electron Microprobe Mineral microanalysis was performed 
on the Cambridge Microscan IX at the Open University. 
Standards were British Museum standard minerals and BOH 
pure metals. 
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